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ABSTRACT 


This  report  summarizes  the  research  done  in  the  Center  for 
Laser  Research  at  Oklahoma  State  University  supported  by  the  U.S. 
Army  Research  Office  under  Contract  Number  DAAL03-88-K-0025  from 
January  15,  1988  -  January  14,  1991.  The  research  involves  the 
use  of  laser  spectroscopy  techniques  such  as  four-wave  mixing, 
high  power  picosecond  pulse  pumping,  and  time-resolved  site- 
selection  spectroscopy  to  characterize  dynamical  optical 
processes  such  as  energy  migration,  multiphoton  absorption, 
radiationless  relaxation,  and  the  photoref ractive  effect  in 
materials  with  potential  applications  in  optical  technology.  The 
materials  investigated  include  laser  crystals  such  as  Cr3+-doped 
alexandrite,  emerald,  garnets,  and  glass  ceramics  as  well  as 
Nd3+-doped  garnets  and  germinates  and  Ho3+-doped  fluorides.  In 
addition,  photorefractive  processes  were  studied  in  potassium 
niobate  crystals  and  in  rare  earth  doped  glasses.  Some  of  the 
results  of  major  importance  from  this  work  are:  (1)  The 
characterization  of  the  properties  of  laser-induced  gratings  in 
glasses;  (2)  The  elucidation  of  the  effects  of  dopant  ions  on  the 
photorefractive  response  of  potassium  niobate;  (3)  The 
observation  of  a  new  type  of  picosecond  nonlinear  optical 
response  in  potassium  niobate  associated  with  scattering  from  a 
Nb  hopping  mode;  (4)  The  characterization  of  the  properties  of 
energy  migration  and  radiationless  relaxation  processes  in  Cr3+- 
doped  laser  crystals;  (5)  The  characterization  of  the  pumping 
dynamics  and  lasing  properties  of  HoJ+  in  BaYb2F8;  and  (6)  The 
characterization  of  the  pumping  dynamics  and  lasing  properties  of 
several  Nd3+-doped  crystals. 
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I  NTRoniJCT'ION 


Optical  technology  has  emerged  as  a  vitally  important  area 
for  research  and  development  related  to  military  applications. 
This  technology  has  made  important  contributions  to  the 
development  of  "smart  weapons",  communications,  surveillance,  and 
display  systems.  The  basis  of  this  technology  is  optical  devices 
such  as  laser  sources,  light  modulation  devices  (frequency, 
intensity,  direction,  etc.),  light  guides  (fibers,  waveguides, 
of'-.),  and  detectors.  All-solid-state  systems  have  the  advantage 
of  ruqqedness  for  field  operation.  However,  the  development  of 
these  systems  is  currently  limited  by  the  lack  of  availability  of 
mat  or ia Is  with  the  optimum  device  operational  parameters.  The 
goal  of  this  research  project  was  to  enhance  our  understanding  of 
the  fundamental  physical  processes  in  optical  materials  relevant 
to  device  operation.  Only  through  an  understanding  of  these 
pt crosses  will  it  be  possible  to  design  optical  devices  with 
predictable  operational  characteristics. 

This  research  focused  on  laser  sources  and  nonlinear  optical 
materials  for  modulating  laser  beams.  The  physical  processes  of 
interest  are  those  affecting  the  pumping  dynamics  of  solid  state 
lasers  and  those  contributing  to  the  formation  of  transient  and 
permanent  holographic  gratings  in  nonlinear  optical  materials. 
Thn  materials  of  interest  included  rare  earth-  and  chromium-doped 
laser  crystals,  rare  earth-doped  glasses,  and  potassium  niobate. 
laser  spectroscopy  techniques  were  used  to  characterize  the 
properties  of  these  materials.  These  techniques  included  four- 
wave  mixing,  picosecond  pulse-probe  measurements,  and  time- 
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resolved  site-selection  spectroscopy,  as  well  as  laser-pumped- 
laser  measurements. 

The  project  was  divided  into  three  thrust  areas  according 
the  type  of  materials  being  investigated:  rare  ea’~Lh-doped  laser 
crystals;  chromium-doped  laser  crystals;  and  photoref ractive 
crystals  and  glasses.  The  important  results  obtained  during  the 
three  years  of  this  contract  are  briefly  outlined  in  this  section 
and  presented  in  detail  in  the  remainder  of  the  report. 

1 . 1  SUMMARY  OF  RESEARCH  ACCOMPLISHMENTS 

The  first  research  area  of  this  contract  focused  on  rare 
earth-doped  laser  materials.  This  work  involved  two  types  of 
projects:  characterizing  Nd-doped  laser  materials  and 
characterizing  Ho-doped  laser  materials.  Using  a  tunable 
alexandrite  laser  as  an  excitation  source  to  simulate  diode  laser 
pumping,  the  lasing  properties  of  Nd3  +  were  studied  as  a  function 
of  pump  wavelength.  The  lasing  threshold  and  slope  efficiency 
were  measured  as  well  as  the  spectral,  spatial,  and  temporal 
beam  properties.  It  was  found  that  excited  state  absorption  of 
pump  photons  plays  a  critical  role  in  determining  the  lasing 
properties  of  a  material  excited  by  monochromatic  pumping.  In 
addition,  the  spectroscopic  and  lasing  properties  were 
characterized  for  Nd3+  in  several  host  crystals  with  potential 
for  diode  laser  pumping.  These  included  Ba2MgGe207,  Ba2Zn2Ge207, 
and  La3Lu2Ga3012.  A  comprehensive  study  was  made  of  the  spectral 
dynamics  and  lasing  properties  of  Ho3+  in  BaYb2Fg  crystals.  Time- 
resolved  site-selection  spectroscopy  measurements  were  used  to 
characterize  the  energy  transfer  and  upconversion  processes  that 


I  o.Ki  to  channel  switching  of  the  laser  output. 

Th''  second  research  area  involves  vibronic  laser  materials 
based  on  chromium  ions.  The  most  important  project  in  this  area 
involved  the  continuation  of  our  use  of  four-wave  mixing  ( FWM )  to 
characterize  the  spectral  dynamics  of  a  series  of  Cr3+-doped 
laser  crystals.  This  has  provided  an  understanding  of  the  origin 
of  FWM  signal  in  these  materials  and  demonstrated  how  the 
polarizability  change  of  the  optically-pumped  Cr3  +  ions  can  cause 
"population  lensing"  of  laser  beams  passing  through  the  sample, 
in  addition,  the  dynamics  of  energy  transfer  among  the  Cr3+  ions 
was  characterized  for  different  types  of  laser  crystals  and  found 
to  depend  significantly  on  the  concentration  and  distribution  of 
dopant  ions  as  well  as  the  intrinsic  properties  of  the  host 
material.  Information  was  also  obtained  on  the  radiationless 
relaxation  processes  involved  in  pumping  these  materials.  All  of 
this  information  is  relevant  to  understanding  the  operation  of 
those  materials  as  solid  state  lasers.  FWM  experiments  were  also 
performed  on  a  Cr-doped  glass  ceramic  and  the  results  compared  to 
those  obtained  on  Cr-doped  crystals. 

The  third  research  area  focused  on  the  characterization  of 
photoref ractive  materials  for  nonlinear  optical  applications. 
Two  classes  of  materials  were  studied:  displacive  f erroelectrics 
represented  by  KNb03  crystals  and  rare  earth  doped  glasses.  The 
studies  of  laser-induced  holographic  gratings  in  rare  earth  doped 
glass  f  ocused  on  trying  to  enhance  our  understanding  of  the 
physical  mechanism  responsible  for  this  effect.  A  theoretical 
model  was  developed  based  on  a  two-level  system  associated  with 
the  structural  environment  of  the  rare  earth  ion.  This  model  was 
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applied  to  interpret  experimental  results  obtained  on  a  series  of 
silicate  glasses  with  different  monovalent  alkali  modifier  ions 
and  a  series  of  silicate  glasses  with  different  divalent  alkaline 
modifier  ions.  This  work  has  lead  to  an  increased  understanding 
of  this  phenomena  and  how  to  alter  the  material  composition  in 
order  to  maximize  the  effect.  In  addition,  applications  for 
optical  storage,  frequency  demultiplexing,  and  laser  beam 
modulation  were  demonstrated.  A  comprehensive  study  was  made  of 
the  nonlinear  optical  properties  of  undoped  and  doped  KNb03  since 
it  has  the  highest  photoref ractive  figure  of  merit  for  any 
material  of  its  class.  Using  c.w.  laser  technigues,  the 
properties  of  photoref ractive  beam  coupling,  four-wave  mixing, 
and  the  dynamics  of  holographic  grating  formation  and  decay  were 
studied.  In  addition,  picosecond  pulse-probe  technigues  were 
used  to  investigate  the  fast  nonlinear  optical  response  of  this 
material.  The  results  of  this  study  provide  a  thorough 
understanding  of  the  nonlinear  optical  properties  of  this 
material  .  Of  special  interest  is  the  fast  conjugate  signal 
observed  on  the  picosecond  tim<  scale.  A  model  was  developed 
that  attributed  this  fast  response  to  stimulated  scattering  from 
a  niobium  hopping  mode. 

f . 2  PUBLICATIONS  AND  PERSONNEL 

The  work  performed  during  the  three  years  of  this  contract 
resulted  in  21  publications,  three  doctoral  theses,  two  masters 
theses,  and  numerous  unpublished  presentations  and  colloquia. 
These  are  listed  in  Table  I. 

The  personnel  making  major  contributions  to  this  research 
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include  the  principal  investigator,  Richard  C.  Powell,  and 
several  visiting  scientists  and  graduate  students.  The  visiting 
scientists  were: 

Dr.  Frederic  M.  Durville,  CNRS ,  Lyon,  France; 

Dr.  Mahendra  G.  Jani ,  OSU  Post-Doctoral  Research  Associate; 

Prof,  phiraj  K.  Sardar,  University  of  Texas,  San  Antonio; 

Prof.  Bahaeddin  Jassemnejad,  Central  State  University,  OK; 

Dr.  Roger  J.  Reeves,  University  of  Christ's  Church, 

New  Zeland; 

Dr.  Andrzej  Suchocki ,  Polish  Academy  of  Sciences,  Poland. 

The  graduate  students  support  by  this  contract  include  G.J. 
Duar  I  os ,  G.D.  Gilliland,  E.G.  Behrens,  M.L.  Kliewer,  James  D. 
A I  I  on ,  Michael  J.  Ferry,  V.A.  French,  F.M.  Hashmi ,  and  K.W.  Ver 
Gfopq.  Gilliland,  Behrens  and  Kliewer  all  three  received  their 
doctoral  degrees  from  this  research.  They  are  now  working  at  IBM 
Watson  Research  Laboratories,  Fibercek,  and  Schwartz  Electro 
optics,  respectively.  Allen  and  Ferry  received  their  masters 
degrees  from  this  research  and  are  working  at  Texas  Instruments 
and  the  Arm/  Center  for  Night  Vision  and  Electro-Optics, 
respectively.  The  other  three  students  are  continuing  their 
graduate  studies  for  their  doctoral  degrees  here  at  Oklahoma 
State  University. 

ft  is  a  pleasure  to  acknowledge  the  col laboration  with  a 
number  of  colleagues.  Important  contributions  to  this  research 
were  marie  by: 

Prof.  Georges  Boulon,  University  of  Lyon,  France; 

Mr.  Douglas  H.  Blackburn,  NIST; 

Dr.  David  C.  Cranmer,  NIST; 
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Mr.  Oreq  J.  Mize.ll,  Virqo  Optics; 

Dr.  Leon  Esterowitz,  Naval  Research  Laboratory; 

Dr.  Toomas  H.  Allik,  Science  Applications  International; 

Dr.  M.R.  Kokta ,  Union  Carbide  Corp. ; 

Dr.  Shui  Lai,  Allied  Signal; 

Dr.  Donald  F.  Heller,  Allied  Signal; 

Finally,  this  work  benefited  greatly  from  collaboration  with 
U.  r; .  Army  personnel.  Dr.  A1  Pinto  and  his  group  at  CNVEO  worked 
closely  with  us  on  several  of  these  projects  and  provided  an 
important  degree  of  relevance  to  this  fundamental  research 
l>r  oqr  am . 
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XX-  SPECT  RAX,  DYNAMICS  OF 
RARE  EARTH  LASER  CRYSTALS 

The  following  five  manuscripts  present  details  of  the 
results  obtained  on  several  rare  earth  doped  laser  crystals.  The 
first  involves  a  Ho3+  laser  in  a  fluoride  host.  Holmium  lasers 
are  becoming  very  important  for  near  infrared  laser  applications. 
Because  of  weak  absorption  transitions,  it  is  best  to  sensitize 
the  holmium  ions  with  energy  transfer  from  other  ions.  This 
study  extensively  documents  the  details  of  the  spectral  dynamics 
of  host-sensitized  pumping  in  a  fluoride  host.  It  is  the  most 
extensive  investigation  that  has  been  reported  on  a  laser 
material  of  this  class  and  the  results  provide  a  model  for 
predicting  the  properties  of  other  sensitized  holmium  lasers. 

The  next  four  papers  document  the  properties  of  Nd3+-doped 
laser  crystals.  The  first  paper  focuses  on  problems  associated 
with  the  excited  state  absorption  of  pump  photons  that  can  occur 
with  monochromatic  pumping.  This  is  important  for  diode  laser- 
pumped  solid  state  lasers  which  is  emerging  as  a  very  important 
class  of  lasers.  The  results  show  how  important  it  is  to  select 
exactly  the  right  wavelength  for  the  diode  laser  pump  source  for 
maximum  pumping  efficiency.  The  other  papers  document  the 
spectral  and  lasing  properties  of  Nd3  +  in  three  different  crystal 
hosts.  This  work  is  part  of  a  survey  we  are  doing  to  identify 
host  materials  for  Nd3  +  lasers  with  enhanced  absorption 
properties  for  diode  laser  pumping  and  with  enhanced  properties 
for  Q-switching.  The  results  demonstrate  how  the  spectral 
properties  change  for  different  hosts  and  help  provide  a  data 
base  for  the  choice  of  the  best  host  for  a  specific  system. 
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Spectral  and  up-conversion  dynamics  and  their  relationship 
to  the  laser  properties  of  BaYb2F8:Ho3  + 

Guy  D.  Gilliland  and  Richard  C.  Powell 
Department  of  Physics,  Oklahoma  State  University,  Stillwater,  Oklahoma  74078-0444 

Leon  Esterowitz 

Naval  Research  Laboratory,  Washington,  D.C.  20375-5000 
(Received  25  September  1987;  revised  manuscript  received  7  July  1988) 

The  optical  spectroscopic  properties,  energy  transfer,  up-conversion  transitions,  and  lasing  dy¬ 
namics  of  BaYb,FJ:Ho3'"  crystals  are  reported  here.  The  positions  of  the  various  Stark  components 
of  the  different  J  manifolds  of  Ho3r  are  identified,  and  the  branching  ratios  and  radiative  decay 
rates  were  calculated  for  the  HoJT  tevels  from  the  Judd-Ofelt  theory.  The  fluorescence-decay  kinet¬ 
ics  of  the  Ho3'  emission  originating  on  the  }FS  and  iS2,iFi  levels  and  of  the  Yb)+  emission  were 
measured  and  analyzed  with  two  energy-transfer  theories.  These  calculations  show  that  the  Ho1 '  - 
Yb3'  interaction  is  greater  for  ions  initially  in  the  iFi  level  and  that  the  diffusion  of  excitation  ener¬ 
gy  among  Yb’ '  ions  is  a  thermally  assisted  incoherent  hopping  process  with  a  diffusion  constant  of 
1. 1  X  10“  113  cm’/sec  at  300  K.  The  kinetics  of  the  up-conversion  processes  were  modeled  with  rate 
equations.  It  was  necessary  to  include  the  effects  of  stimulated  emission  at  551.5  nm  and  three  suc¬ 
cessive  energy  transfers  from  Yb3’  to  Ho3*  to  adequately  describe  the  spectral  dynamics  of  the  up- 
conversion.  The  efficiencies  of  the  different  laser  transitions  were  found  to  be  dependent  upon  the 
pump  power  used.  The  output  of  the  shorter-wavelength  transition  (0.55  fiml  increases  at  the  ex¬ 
pense  of  the  longer-wavelength  transition  (2.9  /am)  as  the  pump  power  is  increased.  The  2.9-/tm 
laser  action  was  found  to  have  a  15%  energy  conversion  efficiency  and  a  slope  efficiency  of  4.5% 
when  pumped  at  1.047  pm. 


I.  INTRODUCTION 

The  phenomenon  of  “frequency  up-conversion,”  the 
conversion  of  infrared  light  to  visible  light,  has  been  ex¬ 
tensively  studied  in  systems  containing  rare-earth  ions, 
and  up-conversion  pumping  of  rare-earth  laser  systems 
has  been  demonstrated.1-18  This  can  be  an  important 
technique  for  switching  lasing  channels.  Important  fac¬ 
tors  in  the  choice  of  a  host  material  which  affect  the 
efficiency  of  emission  for  this  type  of  the  up-conversion 
process  are  the  ability  of  the  host  material  to  accept  a 
large  concentration  of  the  optically  active  ions,  and  weak 
electron-phonon  interaction  so  the  radiative  rates  for  the 
visible  emitting  states  of  the  activator  ion  are  large  in 
comparison  to  the  nonradiative  rates. 15,19 

It  is  well  known  that  holmium  ions  can  produce  stimu¬ 
lated  emission  at  several  wavelengths  in  the  infrared  por¬ 
tion  of  the  spectrum  [2.4, 3  2.0, 3,4  and  2.9  pm  (Rets.  5  and 
b)]  and  also  in  the  green  region.'  When  co-doped  with  yt¬ 
terbium,  holmium  can  also  convert  infrared  radiation 
into  green  emission  efficiently  enough  for  stimulated 
emission  to  occur.1  ~ 

In  this  paper  we  report  the  results  of  an  extensive 
investigation  of  the  spectral,  energy-transfer,  up- 
converston,  and  lasing  properties  of  BaYb2F8:Ho3  3  crys¬ 
tals.  The  energy  levels  and  some  of  the  relevant  transi¬ 
tions  for  HoJ '  and  YbJ '  are  shown  in  Fig.  I.  The  results 
of  measurements  of  the  absorption  and  emission  spectra 
at  various  temperatures  as  well  as  the  results  of  a  Judd- 
Ofelt  analysis15,20  12  are  presented.  The  important 
features  of  two  different  up-conversion  processes  have 
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been  analyzed  and  related  to  the  stimulated  emission  at 
2.9,  2.0,  and  0.55  pm. 

II.  EXPERIMENT 

The  sample  used  for  this  investigation  was  a  single 
crystal  of  BaYb2F8  containing  7.0  at.  %  Ho3  ’  ions 
(9.0X  1020  cm-3)  and  93  at.  %  Yb3+  ions  (1.2,*  10" 
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cm  1 1  hail  a  diameter  of  5.0  mm  and  a  length  of  7.0 

mm  I  he  host  crystal  has  the  same  structure  as 
Ha  I  in, 1\,  which  crystallizes  in  the  monoclinic  syngony 
with  two  molecules  per  unit  cell.*'  The  space  group 
is  with  lattice  parameters  u=6.894A, 

h  -  10.53  A.  :^4.346  A,  and  0  =  99°  18'. 2h  The  Yb,+ 
ions  sit  in  a  site  of  eightfold  coordination  with  F  anions 
and  form  a  slightly  distorted  Thomson  cube.25  The  Ho,+ 
ions  substitute  for  the  Yb'*'  ions.  The  host  crystal  is  a 
single-center  system,  and  the  low  symmetry  of  this  site 
implies  that  all  degeneracy  in  the  electronic  energy  levels 
is  removed  except  Kramers’*  degeneracy.24 

The  absorption  and  fluorescence  spectra  were  obtained 
with  standard  spectroscopic  equipment.  For  time- 
resolved  energy-transfer  studies,  the  excitation  was  pro¬ 
vided  bv  a  nitrogen-laser-pumped  dye  laser  with  either 
( 'oumarin-540A  or  DCM  dyes.  For  stimulated-emission 
measurements,  the  primary  output  from  a  passively 
mode-locked  Nd:YAG  (YAG  denotes  yttrium  aluminum 
garnet'  laser  having  a  pulse  width  of  50  psec  was  used  to 
pump  the  sample.  The  laser-performance  measurements 
at  2  °  //m  were  done  using  the  primary  output  of  a 
Nd:Yl.F  i'l  l  F  denotes  yttrium  lithium  fluoride)  laser  at 
1.047  /mi  with  a  6()-/tsec  pulse  width  as  a  pump  source. 

III.  ABSORPTION  AND  EMISSION  SPECTRA 

Figure  2  shows  the  various  regions  of  the  absorption 
spectrum  at  12  K.  The  spectrum  is  characterized  by 
sharp  lines  in  the  visible  region  due  to  transitions  within 
the  4 /"’  configuration  of  the  HoJ+  ions,  a  broadband 
with  structure  in  the  nearinfrared  due  to  the  2F7/2-2F^/2 


transition  of  the  Yb''  ions,  and  several  absorption  bands 
between  1.1  and  2.0  /mu  due  to  transitions  to  the  lower- 
lying  energy  levels  of  the  Ho’  ‘  ions.  Figures  3(a)-3Hi) 
show  the  spectra  of  the  visible  and  infrared  emission  of 
Ho  v  ions  and  the  near-infrared  emission  of  Yb' 1  ions  at 
12  K.  Figure  3(i)  shows  the  2.8-/mti  emission  of  Ho’  ’  at 
room  temperature  since  it  was  too  weak  to  detect  at  12 
K.  The  additional  lines  in  the  spectra  at  higher  tempera¬ 
tures  are  due  to  absorption  from  the  thermally  populated 
higher  Stark  components  of  the  ground-state  multi- 
plet  of  Ho3T 

A  comparison  of  the  emission  spectrum  of  Yb'4  at  12 
K  shown  in  Fig.  3(0  with  the  absorption  spectrum  at  12 
K  shown  in  Fig.  2(b)  demonstrates  that  both  have  the 
same  general  shape.  From  this  we  conclude  that  the 
splitting  of  the  ground-state  manifold  2F1/2  of  the  Yb'- 
ions  is  about  760  cm'1.  In  C2h  point-group  symmetry 
each  J  manifold  of  IIo3^  is  split  by  the  crystal  field  into 
2 J  +  1  non-Kramers  levels,  while  each  J  manifold  of 
Yb3  +  is  split  into  J+j  Kramers  doublets.  The  crystal- 
field  levels  of  Ho3'  have  been  identified  from  the  absorp¬ 
tion  and  emission  spectra  of  BaYb:F8:Ho3 x  and  are 
shown  in  Table  I.  It  was  impossible  to  identify  the 
crystal-field  levels  of  Yb'  +  due  to  the  lack  of  resolution  of 
the  broad,  overlapping  levels. 

The  Judd-Ofelt  theory20,21  was  applied  to  the  room- 
temperature  absorption  spectrum  of  this  sample  to  deter 
mine  the  radiative  decay  rates  and  branching  ratios  of  the 
transitions.  The  oscillator  strength  of  a  transition  ol 
average  frequency  v  from  a  level  J  to  the  level  J'  is  ex¬ 
pressed  as 


FIG.  2.  Absorption  spectra  of  BaYb,F,:Ho'  '  at  1 2  K.  (a)  Transitions  to  the  '/,  and  higher  levels  of  Ho'  ‘ ;  < h)  transitions  to  i he 
f-\  .  levels  of  Yb1  * ;  (c)  transitions  to  the  levels  of  Ho'  <d)  transitions  to  the  '/,  levels  of  Ho' f . 
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/( aJ  \  hJ')  =  (  877 -lm  v)/[  ill  (2J  +  1  )e 2  ] 

xiS^aJ \bJ,)+SsiD(aJ\bJ,)\  ,  (1) 

where  (he  electric-dipole  and  magnetic-dipole  line 
strengths  are 

SYnlaJ-.bJ’)  =  el  2  n,  |  {fnJ\\Uu)\\fnJ')\1  ,  (2a) 

t  =  2,4. h 


FABLE  I.  Energy  levels  of  Ho3^  ions  in  BaYb.F,,. 


Energy 
(cm  ‘ 1 ) 


\S,,'F4 


Energy 
(cm”  1 ) 

15  506 
15  538 
15  545 
15  586 
15  630 
15  662 
15  696 
15  701 
15  703 
15713 
15715 
18515 
18  549 
18  560 
18  608 
18  622 
18  660 
18681 
18  695 
18  702 
18713 
18718 
18  723 
1 8  730 
18  755 
20602 
20619 
20648 
20  683 
20734 
20  747 
20  777 
27  563 
27  609 
27  655 
27  732 
27  778 
27  840 
27  871 

27  933 
2801 1 

28  121 
28  329 
28  450 


SM1) ( aJ ;  bJ ' )  =  [  ( e  2/i 2 )  /( 4m  :c 2 )  ] 

X  |  <  fJ\\L+2S\\fJ')  | 2  ,  (2b) 

respectively.  Here,  a  and  b  represent  the  other  quantum 
numbers  designating  the  states,  f"  represents  the  elec¬ 
tronic  configuration,  U(n  is  the  tensor  operator  for 
electric-dipole  transitions,  L  4-25  is  the  operator  for 
magnetic-dipole  transitions,  and  Cl,  are  the  phenomeno¬ 
logical  parameters  associated  with  the  crystal-field  envi¬ 
ronment  of  the  ion  in  the  host.  The  reduced  matrix  ele¬ 
ments  in  Eqs.  (2a)  and  (2b)  have  been  calculated  else¬ 
where22,27  and  are  essentially  invariant  from  host  to  host. 
The  oscillator  strength  of  a  transition  can  be  calculated 
from  the  absorption  spectrum  at  room  temperature  using 
the  equation 

/  =[mcnl)/{Tre1NX)  J  a(v)dv  ,  (3) 

where  m  and  e  are  the  mass  and  charge  of  the  electron,  c 
is  the  speed  of  light,  N  is  the  concentration  of  absorbing 
centers,  and  f  aiv)dv  is  the  integrated  absorption  cross 
section.  X  is  the  correction  term  for  the  effective  field  in 
the  crystal  and  is  approximated  by  .Y ED  =  « ( /r 2  -4-  2 )“ /9  for 
electric-dipole  transitions  and  Ymd  =  ,,)  for  magnetic- 1 
dipole  transitions  where  n  is  the  refractive  index  of  t he 
host.  Measurements  of  the  dispersion  curves  have  not 
been  performed  on  the  host  at  this  time.  A  value  of 
n  —  1.6  was  used,  which  is  similar  to  values  of  the  index 
of  refraction  for  other  fluoride  materials.  It  was  found 
that  varying  n  over  a  reasonable  range  of  values  did  not  j 
significantly  alter  the  results  of  the  Judd-Ofelt  analysis. 

By  combining  Eqs.  ( 1 )— (3)  and  using  the  reduced  ma¬ 
trix  elements  calculated  by  Weber22  for  Ho3j\  the  phe¬ 
nomenological  parameters  12,  were  determined  from  a 
least-squares  fit  to  the  absorption  spectrum.  These  were 
found  to  be  !22  =  0.96  X  10-2U  cm2,  Cll  =  2. 12  X  10" 20  cm  .| 
and  12h  =  3.25 X  10"20  cm2.  Using  these  results,  the 
spontaneous-emission  probability  can  be  obtained  for 

each  transition  from 

A  <aJ;W’)  =  (647r4vV[3(2d  +  l)/ic3] 

X (Trowed +A'md2>md  i  .  (4j| 

The  radiative  lifetimes  and  branching  ratios  can  be  deter¬ 
mined  by 

r«.'  =  2  Aii'j)  >  (-S) 

j 

Pi i, j)=  Aii,j)/rRi  ,  (6® 

where  the  summation  is  over  transitions  to  final  states  j. 
The  results  of  this  analysis  are  summarized  in  Table  II 
and  are  estimated  to  have  an  accuracy  of  ±  lOT. 


IV.  ENERGY-TRANSFER  PROCESSES  * 

Many  theories  have  been  developed  to  describe  energy 
migration  and  transfer  between  ions.  Each  of  these 
theories  is  limited  to  a  specific  range  of  parameters  for 
which  it  is  valid.28" 33  The  results  obtained  in  (his  work 
are  analyzed  with  two  models  which  are  valid  fo® 
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TABLE  II. 
crystals/ 

Radiative  decay  rates 

and  branching  ratios 

for  Ho3*  transitions  in 

BaYb2F8:Ho3* 

Initial 

Terminal 

level 

level 

A  ( i,j)  (sec*1) 

PH,]) 

Tr 

5/, 

120.44 

1.00 

8.3  msec 

V, 

25.87 

0.09 

3.5  msec 

262.63 

0.91 

3/5 

'F 

7.32 

0.035 

4.7  msec 

■F 

122.15 

0.579 

% 

81.50 

0.386 

s/4 

5/s 

4.52 

0.044 

9.7  msec 

5/0 

38.77 

0.376 

s/7 

49.65 

0.481 

5/s 

10.30 

0.099 

5FS 

s/4 

0.055 

2.43  x  10*s 

422  fisec 

5/5 

8.31 

0.0037 

1 10.48 

0.049 

s/, 

429.39 

0.190 

bF 

1818.20 

0.757 

sf5 

2.13 

0.0004 

190  /isec 

V4 

48.70 

0.009 

5/v 

146.70 

0.028 

5/„ 

283.67 

0.054 

5/, 

800.35 

0.152 

5/„ 

3981.90 

0.756 

jn:=o  96  x  io 

-;,lcm;;  n4  =  2. 12x  10* 

20  cm2;  n6  =  3. 25x10" 

20  cm2. 

different  circumstances.  The  Ho3*-Yb3*  energy  transfer 
is  consistent  with  a  single-step  process  while  the  Yb3  +  - 
Ho3  r  energy  transfer  is  consistent  with  a  model  in  which 
energy  transfer  between  sensitizer  and  activator  ions  acts 
as  a  weak  perturbation  on  the  strong  diffusion  among 
sensitizers. 

The  typical  ion-ion  interaction  mechanisms  involving 
rare-earth  ions  are  the  electric  multipolar  mecha¬ 
nisms. Ujl  The  strength  of  the  interaction  depends  on 
the  distance  between  sensitizer  and  activator  ions  as  R  ~s, 
where  s  =6,  8,  or  10  for  dipole-dipole,  dipole-quadrupole, 
and  quadrupole-quadrupole  interactions,  respectively. 
Inokuti  and  Hirayama  have  derived  an  expression  for  the 
time  dependence  of  the  sensitizer  fluorescence  in  the  pres¬ 
ence  of  energy  transfer  to  randomly  distributed  activator 
:s 

ions, 

Hl)=  A  exp[ -t/T-n  I  -3/.sl C/Cn(t/T)}/2]  ,  (7) 

where  t  is  the  intrinsic  lifetime  of  the  sensitizer  in  the  ab¬ 
sence  of  activator  ions,  C  is  the  concentration  of  activa¬ 
tors,  C,,  is  called  the  “critical  transfer  concentration,”  T 
is  the  gamma  function,  and  A  is  a  normalization  con¬ 
stant.  The  critical  transfer  distance  R0  can  be  deter¬ 
mined  from  C0  by  ’0  ’1 

R„=(3/4n-C,)i1'1  .  (8) 

A.  Ho,f-Yb)f  energy  transfer 

As  a  first  approximation,  we  assume  that  the  excitation 
energy  residing  on  the  Ilo’*  ions  does  not  migrate  be¬ 
tween  HoJ  *  ions,  but  is  capable  of  being  transferred  to 
b  ‘  ions.  Thus  for  this  case  the  Ho’  ‘  ions  play  the  role 


of  sensitizer  ions  while  Yb3+  ions  play  the  role  of  activa¬ 
tor  ions.  Justification  for  the  assumption  of  no  Hoif- 
Ho3+  interaction  is  based  on  the  relative  concentrations 
of  sensitizer  and  activator  ions.  Because  Ybl  '  is  a 
stoichiometric  component  of  BaYb:F8  and  there  are  ap¬ 
proximately  ten  Yb3  *  ions  for  every  Ho1'  ion.  the 
nearest-neighbor  environment  of  optically  active  ions  sur¬ 
rounding  the  Ho,+  ions  consists  almost  completely  of 
YbJ+  ions  (assuming  no  clustering  of  Ho3*  ionsl.  The 
Ho3  +  -Yb3+  energy  transfer  can  involve  two  sets  of 
electronic-emission  transitions,  5S2,iFA  —  3/„  and 
5/r5— ■•5/7,  which  are  both  resonant  with  the  2F ->  : 
absorption  transition  of  Yb3  *.  Therefore,  the  branching 
ratios  for  each  of  these  transitions  need  to  be  considered 
to  determine  the  effects  of  competing  processes.  If  the 
Ho3  +  -Ho3*  interaction  is  present,  it  will  involve  resonant 
emission  and  absorption  transitions  between  the  excited 
state,  or  iFi,  and  the  ground  state,  5/„,  of  Ho’  ’  . 

By  assuming  only  nearest-neighbor  interactions  and  using 
the  branching  ratios  listed  in  Table  II,  we  estimate  that 
the  Ho3,"-Yb3  +  interaction  is  3.3  times  more  probable 
than  the  Ho3*-Ho3  +  interaction  for  ions  in  the  l-\  state 
of  HoJ+  (see  Fig.  4),  and  in  the  case  of  ions  in  the  \S\,  5F4 
states  it  is  1.1  times  as  probable.  For  randomly  distribut¬ 
ed  Ho3*"  ions  the  Ho3  3 -Ho3*  interaction  would  be  over 
distances  much  greater  than  nearest-neighbor  separations 
and  thus  the  interaction  strength  will  be  significantly  less 
than  the  estimates  given  above.  Therefore,  the  Ho’-- 
Yb3  *  interaction  strength  is  greater  than  the  Ho'  '  -Ho’  ’ 
interaction  strength,  and  as  a  first  approximation,  the 
theory  of  Inokuti  and  Hirayama  can  be  used  to  charac¬ 
terize  this  case. 
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HO  4  Comparison  of  the  absorption  spectra  at  12  and  200 
K  for  the  'Ft  level  of  Ho’ '  . 


To  characterize  the  energy-transfer  processes,  the  ki¬ 
ndles  of  the  fluorescence  transitions  between  t he  initially 
excited  slates  and  the  ground  state  of  the  Ho3*  ions  was 
monitored.  The  fluorescence  decay  from  the  'S-,,'F4  lev¬ 
els  of  Ho1’  was  measured  by  monitoring  the  transitions 
terminating  on  the  ground  stale  at  several  temperatures 
tanging  from  12  to  300  K.  Figure  5  shows  the  decay  of 
the  fluorescence  intensity  at  12  K  along  with  least- 
squares  lit s  to  the  data  using  Eq.  (7)  for  different  multipo¬ 
lar  interactions.  The  best  fit  for  all  temperatures  is  for 
the  dipole-dipole  interaction.  The  decay  curves  are  all 
clearly  nonexponential  at  short  times  for  all  temperatures 
and  tend  asymptotically  toward  an  exponential  at  long 
times.  The  intrinsic  decay  rate  of  the  Ho3*  ions  was 
determined  from  the  exponential  part  of  the  decay  curves 
approached  at  long  times.  The  theoretical  curves  gen- 


FIG  5.  'S7,'F j  emission  at  12  K  (dots),  along  with  theoreti¬ 
cal  fits  from  Inokuti-Hirayama  theory  <s  =6,  solid  line;  t  =8, 
short-dashed  line;  s  =  10.  long-dashed  line) 


erated  from  Eq.  (7)  were  fitted  to  the  data  by  treating 
C/C0  as  an  adjustable  parameter  for  each  type  of  in¬ 
teraction  (s  =6,  8,  or  10),  and  values  for  Rn  were  deter¬ 
mined  using  Eq.  (8).  The  temperature  dependence  of  R ,, 
for  these  initial  conditions  is  plotted  in  Fig.  6. 

The  coupling  between  the  Ho3*  and  Yb3*  ions  with 
the  former  initially  in  the  5P\  state  was  also  investigated 
using  Eq.  (7)  to  fit  the  fluorescence-decay  curves.  The  in¬ 
trinsic  decay  rate  in  this  case  was  again  determined  from 
the  exponential  tail  of  the  decay  kinetics  and  was  found 
to  be  in  substantial  agreement  with  the  measured  value 
obtained  in  a  sample  of  BaY.FxHo'*  which  contains  no 
Yb3*.24  The  interaction  mechanism  in  this  case  was 
again  found  to  be  electric-dipole-dipole.  However,  t he 
strength  of  the  interaction,  as  well  as  its  temperature 
dependence,  is  different.  The  strength  of  the  interaction, 
which  is  reflected  in  the  magnitude  of  the  critical  interac¬ 
tion  distance  Rn,  is  shown  as  a  function  of  temperature  in 
Fig.  6. 

Examination  of  Fig.  6  shows  that  the  interaction 
strength  between  Ho'*  and  Yb3  *  ions  is  slightly  greaier 
when  the  Ho3*  ions  are  in  the  excited  state  than 
when  they  are  in  the  'S- ,  '/'4  excited  state  The  value  of 
Rn  for  the  former  case  is  close  to  the  nearest  neighbor 
distance  between  Ho'*  and  Yb' '  ions,  which  is  npnioxi- 
mately  2.7  A,  whereas  the  value  of  Rn  is  sliglulv  -.mailer 
than  this  for  ions  in  the  F4  states.  If  the  Ilo'  ions 
are  directly  excited,  the  temperature  dependence  of  the 
interaction  strength  can  affect  the  temperature  depen¬ 
dence  of  the  integrated  fluorescence  intensity  of  the  Yb  * 
ions.  Figure  7  shows  the  temperature  dependence  of  the 
integrated  fluorescence  intensity  at  1.0  pm  due  to  Yb'* 
emission  after  two  types  of  excitation.  After  pumping  the 
5/r5  state  of  Ho3  +  ,  the  interaction  strength  is  independent 
of  temperature  and  the  Yb1  *  fluorescence  decreases 
monotonically  with  temperature  due  to  some  quenching 
mechanism  in  the  Yb'  ‘  ion,  possibly  energy  transfer  to 
the  5/h  state  of  Ho3  * .  The  situation  is  quite  different  in 
the  case  of  excitation  into  the  ’S:,'F4  states  of  Ho  *. 
The  temperature  dependence  of  the  Yb3  ’  emission  for 
this  case  increases  to  a  maximum  at  approximately  50  K. 
and  then  decreases.  The  interaction  strength  depicted  in 


FIG  6  Temperature  dependence  of  R„  for  'Ft  and  'S.'F, 
states  calculated  from  Inokuti-Hiravama  theory. 
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FIG.  ’  Temperature  dependence  of  integrated  Yb"  emis¬ 
sion  for  Ft  and  S:,  'Ft  excitation. 


Fig.  6  shows  t he  same  type  of  temperature  dependence 
for  this  excitation.  Thus  the  increase  in  the  fluorescence 
intensity  at  1.0  /im  up  to  50  K.  is  due  to  the  increase  in 
the  interaction  strength  between  the  Ho1,  and  Yb'" 
ions,  and  the  decrease  in  the  fluorescence  intensify  ..hove 
50  K.  is  due  to  both  the  decrease  in  the  interaction 
strength  and  the  quenching  of  the  Yb'*  emission  men¬ 
tioned  above. 

H.  Yb,,-Ht)w  energy  transfer 

Because  of  the  large  concentration  of  Yb'-  to.,s,  03 
at  1  i  .  when  the  Yb1  '  ions  play  the  role  of  sensitizers  the 
muiiistep  diffusion  among  sensitizers  is  dominant  over 
the  single-step  direct  transfer  from  an  excited  Yb'"  ion 
to  an  unexcited  Ho  '  ion.  l  or  weak  diffusion  the  theory 
ol  Yokotn  and  fammoto  "  describes  the  energy- 


transfer  kinetics,  while  for  strong  diffusion  the  theory 
developed  by  Chow  and  Powell29  gives  the  appropriate 
description.  Both  theories  were  fitted  to  the  data  ob¬ 
tained  heie  and  it  was  found  that  the  parameters  describ¬ 
ing  the  energy  transfer  are  consistent  with  the  strong- 
diffusion  model. 

The  equation  governing  the  excited  sensitizer  concen¬ 
tration  n(r,t)  is29 

~  ^  f~’  =  —Pn(r,t)  +  DV2nir,t)  —  '£  v(  r  —  Rt  )n(r,i)  . 

1 

(9) 

Here,  P  is  the  intrinsic  decay  rate  of  the  sensitizer  ions,  D 
is  the  diffusion  coefficient  describing  the  energy  migration 
among  the  sensitizer  ions,  R ,  is  the  position  vector  for  a 
given  activator  ion,  r  is  the  position  vector  for  the  sensi¬ 
tizer  ions,  and  vlr—R ,)  is  the  interaction  strength  for  a 
given  sensitizer-activator  pair.  The  second  term  on  the 
right-hand  side  of  Eq.  (9)  describes  diffusion  among  the 
sensitizers,  while  the  third  term  describes  the  sensitizer- 
activator  interaction.  The  solution  of  Eq.  (91  was  ob¬ 
tained  by  Chow  and  Powell  for  a  dipole-dipole  interac¬ 
tion,  where  e<  r  —  Rt  i=a/ j  r  —  R,  which  is  weaker 
than  energy  transfer  by  diffusive  migration.  The  solution 
of  Eq.  i9)  was  then  averaged  over  a  uniformly  random  ac¬ 
tivator  distribution.  Most  theories,  including  this  one, 
assume  a  uniformly  distributed  lattice  of  sensitizers,  so 
that  a  single  average  hopping  tune  can  be  used  to  de¬ 
scribe  the  random  walk  of  the  excitation  energy,  “exci- 
ion.”  Tins  situation  should  be  valid  for  the  ‘‘host- 
sensitized”  energy  transfer  in  this  crystal. 

The  intensity  of  sensitizer  fluorescence  given  by  Chow 
and  Powell  is29 

/,(/!=  A  exp[  - 1  /r  —  wiU '  /  If  ]  ,  1 10) 

where  tin  energy-transfer  rate  is  given  by 


'* '  1  1 1  -  4f£)(/n ,,  [  I  -*-  u  1  ~Z)f  >  1  -  ]  *  i  4~u  _  u  > 1  3d  ‘ 1  2~n  :j  -  f  drt  «/rtM|  erfc[(  r  —  u  >  /  v  4 Di  1 1  -’ 

J  J 

-8-ti  ,  uj  Jrui/r  o  erfc( '  r  —u  v  4/)/  ]  j  . 


Here,  a  is  the  activator  trapping  radius,  and  the  lower 
limits  o|  the  integrals  do  not  extend  to  zero  due  to  the 
finite  nearest-neighbor  distance  between  the  sensitizer 
and  activators.  The  relation  between  n  and  R .,  is 

R  nr-  i1  ”  ,  1  1 2) 

where  '  is  the  intrinsic  decay  time  of  the  sensitizer.  The 
integrals  appearing  in  Eq  'll'  were  evaluated  numerical¬ 
ly  and  the  sensitizer-activator  interaction  constant  it, 
diffusion  coefficient  P.  anrl  trapping  radius  a  were  deter¬ 
mined  Is v  performing  a  nonlinear  least -squares  tit  to  the 
data  I  he  intrinsic  decay  tune  of  the  ,  Yb' '  emis¬ 
sion  has  been  determiner!  previously  to  be  1.8  msec,’'*  in¬ 


dependent  of  temperature.  For  each  set  of  data  the  valid¬ 
ity  of  the  Chow-Povvel!  theory  was  examined,  flic  as¬ 
sumptions  made  in  deriving  Eq.  (10)  lead  to  the  condi¬ 
tion'  7rDa*a  1  >  1.  This  restriction  was  found  to  be  val¬ 
id  for  every  set  of  data  examined,  typically  giving  a  value 
of  31.8  lor  the  left-hand  side  ol  the  inequality  An  exam¬ 
ple  of  the  best  fit  to  the  decay  kinetics  of  Yb'  ‘  emission 
at  12  K  is  shown  in  Fig.  8. 

The  temperature  dependencies  of  the  diffusion  constant 
D  and  sensitizer-activator  interaction  strength  u  obtained 
from  the  Chow-Powell  theory  are  shown  in  Fig.  9,  File 
diffusion  constant  increases  with  temperature  and  is 
1-1  *  IB  '  cm'/sec  at  one.  I  he  long  lifetime  of  Jh,  4 
msec,  ensures  that  there  is  sufficient  population  in  this 
state  for  the  resonant  cross-relaxation  process  from  Yb1  ' 
to  Ho'  *  to  occur  on  the  tune  scale  of  the  Yb '  ‘  emission. 


SPECTRAL  AND  UP-CONVERSION  DYNAMICS  AND  THEIR  .  . 


9965 


38 


I  I(>  x  Yb  '  emission  with  Chow-Powell  lit  (solid  line)  at  12 
k 


V.  I  P-(  ONV  ERSION  AND  STIMULATED-EMISSION 
PROCESSES 

Materials  containing  both  Yb1*  and  Ho3*  ions  can 
efficiently  convert  l.0-/im  radiation  into  visible  radia¬ 
tion.'  '  M  w  ,Q  As  can  be  seen  from  the  energy-level 
diagram  for  Yb1'  and  HoJ+  shown  in  Fig.  1,  Ho3  +  has 
several  nearly  e  (tially  spaced  energy  levels  giving  rise  to 
transitions  which  are  coincident  in  energy  with  the 
~F ,  .  •■’/■'-  .  Yb1*  transition  near  1.0  gm.  The  green 
emission  corresponding  to  the  's2, 5F4  — 5/,  transition  of 
Ho  is  seen  when  the  sample  is  excited  with  either  of 
two  longer  wavelengths  as  discussed  below,  but  the  mech¬ 
anism  lor  the  up-conversion  in  each  case  is  different. 

Micro  arc  several  multiphoton  mechanisms  which  can 


FIG.  9.  Temperature  dependence  of  diffusion  constant  and 
sensitizer-activator  interaction  strength  calculated  from  Chow- 
Powell  theory  (solid  line  is  theoretical  fit  for  D,  dashed  line  just 
shows  trend  of  data). 

be  responsible  for  the  up-conversion.7  ,  p  One  possible 
mechanism  is  the  sequential  absorption  of  two  pump  pho¬ 
tons  by  a  single  ion.  Another  possible  mechanism  is  the 
absorption  of  pump  photons  by  more  than  one  ion  with 
the  subsequent  energy  transfer  to  the  emitting  ion. 7-“  The 
following  results  indicate  that  the  latter  mechanism  is  the 
dominant  up-conversion  mechanism  responsible  fnr  I  lie 
green  emission  in  BaYb-F^Ho3*  for  both  types  of  excita¬ 
tion. 

The  kinetics  of  up-conversion  processes  can  be 
modeled  using  rate  equations.  The  emission  from 
sS2,5F4  — »5/g  transition  of  Ho3*  after  excitation  into  the 
SF5  level  of  Ho3*  state  can  be  modeled  as  shown  in  Fir. 
10.  The  first  step  in  the  up-conversion  300  K  The 
diffusion  length  can  be  determined  from 

Ld=(2DT)>/2  M.T 

and  these  values  are  listed  in  Table  III.  The  accuracy  of 
these  energy-transfer  parameters  is  estimated  to  be 
±  10%.  Figure  9  shows  that  the  sensitizer-activator  m- 


T ABLE  111.  Energy-transfer  paramete rs. 


R„  ( A) 

12  K 

Rate  at  2.7  A 
(sec  ~  0 

R»  (A) 

250  K 

Rate  at  2.7  A 
(sec  " 1 1 

2.6 

Ho'*  —  YbJ*  transfer 
1.3  X  I04 

2.3 

4.9  x  10' 

17 

1.0  X  10’ 

2.1 

3.  Ox  10' 

1 

2  K 

250  K 

-2  1/  10 

=  3.56  A 

=  10.3  A 

=  27.5  A 

11  cnT/sec 
(5-/U 
i  S-S) 

Yb'*— Ho1*  transfer 

D  =  t  5  V.  10  cm ’/sec 

Rn  =  2.54  A  (S-/1  ) 

R„  =  13.8  A  I  S-S) 

Ld  =  84.9  A 

0M)'  •=  1. 55  *  10  "  cmVsec 
B  =  1 ,  1 0  X  10  10  cnT/sec 


9960 


GILLILAND,  POWELL,  AND  ESTEROWITZ 


i8 


MG  10.  Energy  levels  and  model  for  up-conversion  of  red 
light. 


teraotton  strength  has  the  same  temperature  dependence 
as  that  calculated  for  the  HoJ*-Yb3'  transfer  from  the 
theory  of  Inokuti  and  Hirayama.  The  major  difference  is 
that  the  role  of  the  sensitizer  and  activator  ions  are  re¬ 
versed  in  these  two  cases.  For  resonant  processes  the  in¬ 
teraction  strength  is  contained  in  the  overlap  integral  be¬ 
tween  the  sensitizer  emission  and  activator  absorption. 
The  magnitude  of  the  spectral  overlap  changes  depending 
on  which  ion  acts  as  sensitizer  and  activator  due  to  the 
energy  shift  for  emission  for  both  rio3  and  Yb3  +  ions. 
However,  the  variation  of  the  spectral  overlap  with  tem¬ 
perature  is  essentially  the  same  for  both  cases. 

The  actual  measurement  was  performed  by  pumping 
the  \S\,5F4  states  of  Ho'*  and  monitoring  the  Yb3  r 
emission.  The  population  of  the  Yb3*  excited  state  is 
achieved  by  the  resonant  cross-relaxation  process 

Ho'  ’  i  'S ,, 5F4 ),  Yb'  ’  I  "F7 ,,  l ) 

—  i  Ho3G-f„),Yb3  M2F,,G)  . 

Initially  the  population  of  5/„  is  equal  to  that  of  the  :F5  , 
slate  of  Yb'  * .  Therefore  the  energy  transfer  from  Yb'  * 
to  Ho  can  take  place  via  two  types  of  processes.  The 
lirst  is  transfer  to  the  5/„  state  via  a  phonon-assisted  ener¬ 
gy  transfer.  The  second  is  the  resonant  cross  relaxation 

Yb3G-F,/,),Ho'*i'7f))> 

Yb'-rF-  ,  i,Ho'g\s\.sF4i>  . 

The  temperature  dependence  and  difference  in  rates  be¬ 
tween  resonant  and  nonresonant  processes,  calculated 


below,  point  to  the  second  mechanism  as  the  dominant  is 
the  resonant  cross-relaxation  process 

|  Ho3  +  (5F5),Yb3  +  (:F7/2)> 

-  |  Ho3  +  (5/7),Yb3*(2FS/,)>  . 

The  relative  probability  of  this  process  is  related  to  the 
branching  ratio  for  the  Ho3"1  transition,  which  is  listed  in 
Table  II  as  0.19.  Therefore,  this  transition  is  one-fourth 
as  probable  as  the  transition  originating  from  this  excited 
level  and  terminating  on  the  ground  state.  A  rale- 
equation  analysis  of  the  energy-transfer  rate  between  sen¬ 
sitizers  and  activators,  when  two  energy  levels  are  taken 
to  characterize  these  ions,  gives  a  relationship  between 
the  energy-transfer  rate  and  the  risetime  of  the  activator 

■K) 

emission 

<™>=(Pa-  Ps-Psa  r 1  In  [P'A  AP's  +  PaI]  <  14) 

where  PA  and  P$  are  the  radiative  rates  of  the  sensitizer 
and  activator,  respectively,  and  PSA  is  the  energy-transfer 
rate.  The  Yb3  +  emission  has  a  risetime  of  4  /tsec  for  this 
excitation  which  implies  that  the  Ho3*-Yb3*  transfer 
occurs  with  a  rate  of  I.5X  I05  sec-1.  Thus  this  first  step 
in  the  up-conversion  process  also  explains  the  observed 
Yb3+  emission.  The  second  step  in  the  up-conversion 
process  can  proceed  by  one  of  two  mechanisms.  The  first 
is  a  resonant  cross-relaxation  between  two  Ho3  ’  ions, 

|  Ho3  +  (5F5),Ho3*(5/7)>~.  |  Ho3  *(  5/s ),  Ho3  ’  ( ■  F, ) )  , 

and  the  second  is  the  absorption  of  an  excitation  photon 
by  a  Ho3+  ion  that  has  already  participated  in  the  first 
step  and  is  in  the  5/7  level.  The  last  step  involves  both 
weak  fluorescence  from  the  5F,  level  followed  by  fast 
nonradiative  decay  to  the  \S:,3F4  states  and  the  green 
emission. 

If  a  second  cross-relaxation  process  is  responsible  for 
the  excitation  into  the  5F3  state,  then  it  will  originate  on 
the  ~/7  level  of  a  Ho3*  ion  which  has  already  undergone 
the  first  cross-relaxation  process.  The  reason  for  this  is 
that  the  radiative  lifetime  of  the  3/7  level  is  9  msec  while 
that  of  the  5F5  level  is  420  /rsec.  If  a  single  ion  were  to 
absorb  a  photon,  undergo  cross  relaxation,  and  then  ab¬ 
sorb  another  photon,  it  would  require  that  the  cross- 
relaxation  process  be  faster  than  the  duration  of  the 
pump  pulse.  This  rules  out  the  sequential  two-photon 
mechanism  because  the  pulse  width  of  the  laser  excitation 
is  10  nsec,  and  the  cross-relaxation  time,  reflected  in  the 
risetime  of  the  ’F5/2  Yb3  *  emission,  is  4  //sec  at  12  K. 

The  rate  equations  used  to  analyze  the  spectral  dynam¬ 
ics  are 

c/s, 

~  =  .V,/i,(S -  v,  l-lVV't -W’i  ,  1 1 5a) 

dn , 

tJi  =V|"’  S  _V|  tW't  “  v:"i'G 

t  }-:/i4<  ,-V  -  n  i  -  n :  —  u  ,  -  u4  i  /I,»i ,  i  dot  <  , 

1 1  5b) 
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dn  , 

dt  ^  (VP{lV~n'  -n2-n\-" 4 

-  Y|fi2(S  —  s,  )  +  y,S|n ,  —  X2n2n2 


4-y,;i4l/V  —  n  |  —  n2  —  n  ,  —  n 

4)  — /J5u2  , 

(150 

dn , 

~dt  = 

Kiu-P}ny  , 

(15d) 

dn  4 

-«3-n4) 

~dT  = 

r-* 

1 

r-j 

N 

u 

< 

l_ 

1 

r-j 

—  (  K  /?4  4  i 

(15e) 

where  S  = 

s,+s()  and  iV  = 

+  n3+/i4.  s 

i  and 

n,  are  the  populations  of  the  ith  energy 

levels  of  the 

Yb3* 

ions,  "F7/2 

and  2F 5/2,  and  Ho34*  ions, 

5 r  5p 

1  8>  1  7>  r  5 

5c 

• 

' F4 ,  and  -F„  respectively.  5  and  iV  are  the  total  concen¬ 
trations  of  Yb' *  and  Ho3*  ions,  W  is  the  pumping  rate 
for  absorbing  photons  from  the  laser  excitation,  X, 
(t  =1,2)  is  the  energy-transfer  coefficient,  y,  (i  =1,2)  is 
the  back-transfer  coefficient,  Pn  is  the  fluorescence-decay 
rate  of  the  :f\/2  level  of  Yb'*,  /?,  (t  =  1-5)  is  the 
fluorescence-decay  rate  of  each  Ho3*  level  as  shown  in 
the  figure,  and  k  is  the  nonradiative-decay  rate  from  5F3 
to 

These  equations  were  solved  numerically  on  a  DEC 
Micro-Vax  If  microcomputer  using  a  fourth-order 
Runge-Kutta  method  in  order  to  find  the  transient  solu¬ 
tions.  A  8-function  excitation  was  assumed  and  the  four 
transfer  coefficients  were  treated  as  adjustable  parame¬ 
ters.  The  observed  fluorescence  intensity  from  each  level 
will  be  proportional  to  the  population  of  the  level.  The 
time  evolution  of  the  fluorescence  emissions  from  the 
'Fv;  level  of  Yb3*  and  the  5S2,5F4  levels  of  Ho3*  are 
shown  in  Fig.  1  I.  The  solid  and  dashed  lines  represent 
the  computer-generated  least-squares  fit  to  the  data  using 
the  theoretical  model  described  above.  The  data  taken  at 
12  K  were  analyzed  because  the  5F3  emission  is  too  weak 
to  detect  at  higher  temperatures  due  to  the  increase  in 
the  multiphonon  emission  rate  with  temperature,  and  the 
Yb3*  emission  is  strongest  at  12  K,  as  shown  in  Fig.  7. 
Tins  analysis  provides  a  fit  of  two  sets  of  data  with  the 
same  set  of  adjustable  parameters.  The  best-fit  parame¬ 
ters  are  listed  in  Table  IV  and  are  estimated  to  be  accu- 


UG  II  Decay  kinetics  of  emission  from  3F<  ;  level  of  Yb!  ‘ 
and  \V?,  'F,  level  of  Ho1'  at  12  K  with  rate-equation  tits. 


TABLE  IV.  Parameters  obtained  from  the  rate-equation 

analyses. _ 


Activator 

level 

Coefficient 
(cm  Vsec) 

Transfer  rate 

(sec  ~ 1 ) 

Up-conversion  of  red  pump  light  at 

12  K 

V,  G0> 

2.1xlCr17 

2.5  X  10' 

r  i  < " ,  ) 

3.0  X  10-8 

3. Ox  10' 

Vr  (a,) 

5. Ox  10-Q 

5. Ox  !04 

Vi 

5.7x  10-,s 

6.8x  JO4 

K 

2. Ox  104  sec' 

-  1 

Up-conversion  of  infrared  pump  light  at  300  K. 


V,  (nn) 

7. OX  10'  18 

6.3  X  10' 

r  1  ( Vo  > 

1.0X  io-21 

12.0 

Xi  <«.) 

3.1  X  I0'8 

1.5  X  10' 

Yi 

1.4 X  IO-’7 

1.7  x  10' 

Xi  <»:> 

1.0X  10'7 

l.OX  10' 

r.i  (so> 

<t> i 

2. OX  10-'7 

1.00  cmVsec 

2.4  X  10' 

d>i 

0.05  cm '/sec 

T\ 

10  psec 

Tl 

10  psec 

rate  to  ±10%.  The  intensity  of  the  green  emission  as  a 
function  of  laser-pump  power  is  found  to  be  almost  quad¬ 
ratic,  as  shown  in  Fig.  12.  This  is  expected  for  any  two- 
photon  process.  Figure  13  shows  the  excitation  spectra 
for  the  green  up-conversion  along  with  the  absorption 
spectra  in  the  region  of  the  5F<  state  of  Ho3*.  The  exci¬ 
tation  spectra  have  been  corrected  for  variations  in  laser 
power  and  the  penetration  depth  into  the  sample.  This 
shows  a  one-to-one  correspondence  with  the  positions  of 
the  peaks  in  the  absorption  spectra. 

The  kinetics  leading  to  the  green  emission  from  the 
JS2,5F4  levels  after  excitation  into  the  inhomogeneously 
broadened  2F5/2  state  of  the  Yb3*  ion  can  be  modeled  as 
shown  in  Fig.  1.  The  first  step  in  the  up-conversion  is  the 
energy  transfer  from  Yb3*  to  Ho3*, 

|  Yb3*(2F5/2),Ho3*(5/s )) -*  |  Yb3*(2F7/2),  Ho3*  ('/„))  . 


FIG.  12.  Power  dependence  of  green  tip-conversion.  obtained 
by  pumping  V’<  and  observing  green  emission  from  at 

12  K. 
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FIG.  13.  Excitation  spectra  for  green  up-conversion  in  the 
region  of  5F<  level  of  Ho1*  at  12  K.  (dashed  line)  along  with  ab¬ 
sorption  spectra  in  the  same  region  at  12  K.  (solid  line). 


This  is  a  nonresonant  process  and  the  difference  in  energy 
is  made  up  by  the  emission  of  phonons.  As  can  be  seen 
from  the  energy-level  diagram,  Fig.  1,  the  energy 
mismatch  is  about  1700  cm"1.  The  phonons  in  this  ma¬ 
terial  have  a  maximum  energy  of  approximately41  450 
cm  therefore  the  phonon-assisted  energy  transfer  takes 
place  with  the  emission  of  at  leas'  four  phonons.  The 
back-transfer  rate  from  Ho3-4  to  Yb'4  should  be  smaller 
than  the  forward-transfer  rate  by  a  factor  of' 
[exp(  AE  /kgT)]4,  where  A£  is  the  energy  of  the  phonons 
absorbed.  This  difference  in  rates  is  approximately  3  or¬ 
ders  of  magnitude  at  room  temperature.  The  next  step  in 
the  total  scheme  is  the  resonant  cross-relaxation 

Yb3-(;£5/:),Ho3*(5/6)> 

—  i  Yb3  4(2F7/2  ),Ho3  4(  5S,,5F4 ) )  . 

The  third  step,  which  is  necessary  in  order  to  explain  the 
observed  dependence  of  the  green-emission  intensity  on 
infrared  pump  power  as  discussed  below,  is  also  resonant. 
This  process  is 

Yb’ '  ( 2F5,2 ), HoJt(  5S2, 5F4 ) ) 

—  |  Yb'4(2F7/2),  Ho3  4  ('//„)>  . 

In  both  of  these  resonant  processes,  back-transfei  cannot 
be  neglected.  The  presence  of  back-transfer  was  con¬ 
firmed  experimentally  by  the  observation  of  the  emission 
at  1.0  pm  due  to  Yb3  *  after  pumping  the  5S2,5F4  and 
7/„  slates  of  Ho34.  The  risetime  for  the  Yh34  emission 
was  measured  to  be  15  psec  at  12  K. 

The  rate  equations  for  this  model  are 

<7s . 

—  =  IV  [S  —s  )  —  V,.s 1 1 .V  —  n  |  —  n  ,  —  n  ,  I 
at  p  'll  \  .  s 

t-  y  ,/t  |(S  —  s,  )—  Y,.v  i  n  ,  +  y2n  AS  —  s,  ) 

-  Y5v,n: -s,  )-/J(>s,  ,  (16a) 

tin  | 

tit  =  V|S|(‘V  ~n  i  ~n-  ~n*  ’~r  ~  9 1  1 

-V:5iM|  +y2nJS -s,  t  — /T,rr ,  —  «  ,  /? ,  ,  M6bl 


dnz 

—  =X2sin]-y2n2(S  -si)-Xis]n1 

+  73/t3(5-s,  )-(32n2 -<p2n2p2  >  (16c) 

dn2 

~J^~=^}sln2—y}n}(S  —st  )—P}n}  ,  (16d) 

dp  i 

—jp  =  <Mi Pi  +  /V'i  -p i  /t,  ,  (16e) 

dp  2 

-^-—<t>2l,lP2+f32H2-P2/T1,  ( 1  6f) 

where  the  definitions  of  the  parameters  are  as  described 
following  Eqs.  (15).  Here,  s,  and  nt  are  I  he  populations  of 
the  fth  energy  levels  of  the  Yb3  4  ions,  2F7/:  and  2F5.,, 
and  Ho3+  ions,  5/8,  5/„,  5S2F4,  and  3//6,  respectively. 
Terms  representing  stimulated-emission  transitions  from 
levels  n,  and  n2  are  included  in  the  model.  Stimulated 
emission  from  n ,  occurs  at5,6  2.9  gm,  and  p,  represents 
the  total  number  of  photons  at  this  wavelength  in  the 
sample.  <t>\  represents  the  stimulated-emission  parameter 
which  is  related  to  the  stimulated-emission  threshold,  and 
r,  represents  losses  in  the  sample  at  this  wavelength.4' 
Stimulated  emission  from  n,  occurs  at1  551.5  tint,  and  p,, 
<b2,  and  t2  represent  the  same  parameters  for  this  transi¬ 
tion.  As  shown  below,  it  is  necessary  to  include  stimulat¬ 
ed  emission  at  551.5  nm  in  order  to  explain  the  observed 
power  dependence  of  the  green  up-conversion  and  the  ob¬ 
served  lifetime  shortening.  The  stimulated  emission  from 
n,  must  be  included  because  we  have  determined  the 
threshold  for  laser  action  at5  2.9  /im  to  be  80  mJ  corre¬ 
sponding  to  a  pumping  rate  of  4. 3  X  1  ()2 1  photons/sec. 
This  threshold  occurs  at  a  considerably  lower  pumping 
rate  than  that  used  in  our  spectroscopic  measurements 
( 1 0*4  —  1 0* '  photons/sec).  Omission  of  this  term  will  lead 
to  nonphysical  values  for  the  energy-transfer  coefficients, 
tending  to  overestimate  the  forward-transfer  coefficients 
Y,. 

Figure  14  shows  the  power  dependence  of  the  intensity 
of  the  green  fluorescence  versus  the  power  of  the  infrared 
pump  laser.  The  data  show  the  presence  of  saturation 
effects  since  the  slope  is  much  less  than  quadratic,  as  is 
usually  expected  for  a  two-photon  process.  At  a  pump¬ 
ing  rate  of  4.0X  102b  photons/sec  the  slope  of  the  curve 
shows  a  significant  increase  which  is  due  to  stimulated 
emission.  The  change  in  slope  corresponds  to  the  thresh¬ 
old  for  this  process  and  is  consistent  with  the  onset  of  the 
observed  lifetime  shortening  discussed  below.  This  power 
dependence  was  modeled  using  the  rate  equations  given 
in  Eqs.  (16).  These  equations  were  solved  numerically  us¬ 
ing  the  same  computer  procedure  described  above.  A  6- 
function  excitation  was  assumed  and  the  transfer 
coefficients  Y2,  Y,,  y j,  and  the  stimulated-emission  pa¬ 
rameter  4>2  were  treated  as  adjustable  parameters.  Y,  can 
be  estimated  from  the  risetime  of  the  1.2-pm  emission 
and  y ,  was  chosen  to  be  approximately  3  orders  of  mag¬ 
nitude  smaller,  as  discussed  earlier.  Y(  was  chosen  to  be 
7. Ox  10-18  cm3/sec,  agreeing  with  earlier  estimates,14,37 
and  y  |  was  chosen  to  be  l.Ov  10  21  cm '/sec.  y2  can  be 
measured  by  exciting  Ho'4  in  the  'Y2,5F4  levels  and 
measuring  the  risetime  of  the  2F,  ,  Yb' ‘  emission. 
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FIG.  14.  Power  dependence  of  green  up-conversion,  obtained 
by  pumping  :F</2  level  of  Yb!*  at  room  temperature. 


From  these  measurements  y2  was  calculated  to  be 
1.4  <10  17  cm'/sec.  The  measured  fluorescence-decay 
rates  were  used  for  the  transition  rates,  r,  and  r2  were 
chosen  to  be  10  psec,  the  time  it  takes  light  to  pass 
through  the  sample.42  was  chosen  to  agree  with  the 
threshold  for  the  2.9-fim  laser  action  using  the  equation 

/t ,  =1  7,(4,  )~  1  .  (17) 

This  is  obtained  by  defining  the  threshold  as  when  the 
gain  terms  equals  the  loss  term  in  Eq.  (16e).  The  result¬ 
ing  best  fit  to  the  data  is  shown  as  a  solid  line  in  Fig.  14. 
The  values  for  the  adjustable  parameters  obtained  from 
this  lit  are  listed  in  Table  IV  and  estimated  to  have  an  ac¬ 
curacy  of  10%. 

The  peak  intensities  of  green  emission  plotted  in  Fig. 
14  and  in  the  theoretical  fit  were  chosen  at  the  peak  of 
the  rise  in  the  number  of  photons,  pz,  in  the  sample.  This 
time  was  about  1.5  /rsec  for  pump  powers  below  the 
threshold  for  stimulated  emission  in  the  green  transition 
and  became  shorter  above  the  threshold,  eventually 
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FIG  15  decay  kinetics  with  rate-equation  fit. 


becoming  limited  by  experimental  resolution.  The  time 
evolution  of  the  green  emission  below  this  threshold  was 
also  calculated  from  the  rate  equations  and  is  shown 
along  with  the  experimentally  measured  data  in  Fig.  15. 

Under  the  condition  of  low-power  infrared  excitation 
the  lifetime  of  the  green  transition  is  measured  to  be  ap¬ 
proximately  47  /isec.  When  the  excitation  power  is  in¬ 
creased  to  the  threshold  value  of  4.0X  1026  photons/sec 
and  above,  the  shape  of  the  decay  curve  abruptly 
changes.  The  short-time  emission  decays  much  faster 
than  at  low  excitation  powers,  and  the  long-time  decay  is 
the  same  as  for  the  low-power  excitation.  The  I/e  value 
of  the  decay  curve  is  plotted  as  a  function  of  pump  power 
in  Fig.  16.  The  general  shape  of  these  data  is  similar  to 
that  reported  in  Refs.  42  and  43  and  shows  a  definite  ex¬ 
citation  threshold.  The  fact  that  the  intensity  of  the 
green  emission  increases  instead  of  decreases  above  this 
threshold  value  confirms  that  we  are  observing  a  gain  and 
not  a  loss  mechanism.  The  increase  in  intensity  is  a  result 
of  the  stimulated  emission  which  causes  the  emission  of 
photons  at  earlier  times  (lifetime  shortening),  thereby  in¬ 
hibiting  the  third  energy-transfer  step. 

The  model  presented  here  has  one  more  energy- 
transfer  step  than  is  necessary  to  explain  the  population 
of  the  5S2,5F4  states  by  the  up-conversion  mechanism. 
The  additional  energy-transfer  process  to  the  A//h  level 
must  be  included  in  order  to  explain  the  observed  power 
dependence  shown  in  Fig.  14.  This  level  acts  as  a  “sink" 
for  the  excitation  since  population  can  accumulate  in  this 
level  or  decay  into  levels  other  than  n,  or  n2  without  be¬ 
ing  recycled  into  these  metastable  levels  on  the  time  scale 
of  the  green  emission.  Without  this  additional  energy 
level  the  green-emission  intensity  dependence  on  pump 
power  cannot  become  sublinear.44  In  this  case  the  model 
is  essentially  a  closed  system,  on  the  time  scale  of  the  ex¬ 
periment,  because  the  decay  times  are  much  longer  than 
the  observed  risetimes  at  which  the  data  were  taken.  The 
saturation  behavior  of  the  population  of  n  2  would,  at 


FIG.  16.  Decay  lime  of  'S2,'F,  at  room  temperature  as  a 
function  of  excitation  power  showing  lifetime  shortening. 
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FIG.  17.  Conversion  efficiency  of  2.9-/im  laser  output,  pump¬ 
ing  with  the  1.047-pm  output  of  a  NtLYLF  laser. 

best,  decrease  from  a  quadratic  to  a  linear  dependence  on 
pump  power,  and  the  slope  could  not  become  any  smaller 
without  this  additional  level. 

Figure  17  shows  the  laser  output  energy  at  2.9  pm  as  a 
function  of  the  energy  input  into  the  crystal  at  room  tem¬ 
perature.  Laser  action  was  achieved  by  end-pumping  the 
laser  rod  with  a  NdiYLF  laser  constructed  in-house.  The 
pump  laser  had  a  wavelength  of  1.047  fim  and  a  pulse 
width  of  60  /xsec.  The  YLF  laser  was  operated  in  the 
long-pulse  regime  with  no  mode-selective  elements  and  a 
30%  output  coupler.  Output  energies  up  to  750  mJ  are 
obtainable  from  the  pump  laser.  The  2.9-pm  laser  cavity 
consisted  of  a  flat  high  reflector  (greater  than  99% 
reflecting  at  2.9  ^m)  and  a  flat  output  coupler  (approxi¬ 
mately  90%  reflecting  at  2.9  /an),  separated  by  5  cm.  An 
energy-conversion  efficiency  of  15%  is  obtained  with  a 
slope  efficiency  of  4.5%  and  a  fractional  pump  light  ab¬ 
sorption  in  the  rod  of  0.33  times  the  incident  energy  on 
the  laser  rod.  The  threshold  for  2.9-^m  lasing  action  was 
found  to  be  80  mJ  of  incident  pump  energy.  Antipenko 
ei  al .°  have  reported  a  conversion  efficiency  of  7.5%  using 
the  l.061-//m  emission  from  a  Nd:GSGG  (GSGG  denotes 
gadolinium  scandium  gallium  garnet)  laser  as  a  pumping 
source.  The  increased  efficiency  obtained  here  is  a  result 
of  the  larger  Yb3^  absorption  coefficient  at  1.047  pm. 
Similar  results  were  obtained  using  an  80%  reflecting 
output  coupler,  suggesting  that  the  threshold  and  extrac¬ 
tion  efficiency  are  dominated  by  scattering  losses  in  the 
rod. 

The  saturation  of  the  5f6  population  mentioned  earlier 
in  connection  with  the  rate  equations  is  not  evident  in 
these  results.  This  is  because  the  pumping  power  is  not 
large  enough  for  the  second  energy-transfer  process  in 
Fig  1  to  become  dominant  over  the  first  energy-transfer 
process. 

VI.  DISCUSSION 

To  interpret  the  data  presented  above,  a  theoretical  es¬ 
timate  must  be  obtained  for  the  magnitude  and  tempera¬ 
ture  dependence  ol  D,  and  relationships  between  the  vari¬ 
ous  energy-transfer  parameters  must  be  established.  The 
physical  meaning  of  the  stimulated-emission  parameter 
must  also  be  determined. 

A  theoretical  calculation  of  the  magnitude  of  the 


diffusion  constant  is  difficult  since  the  details  of  the  exci- 
ton  band  shape  are  not  known.  A  rough  theoretical  esti¬ 
mate  for  D  can  be  obtained  by  considering  the  rate  of  en¬ 
ergy  transfer  between  two  YbJ+  ions.  Assuming  that  the 
interaction  mechanism  between  Yb3+  ions  is  dipole- 
dipole  in  nature,  the  energy-transfer  rate  between  two 
ions  separated  by  a  distance  R  is28,31 

P'R)=1  /t(Ru/R  )6  ,  (18) 

where  R0  is  again  the  critical  interaction  distance.  For 
multistep  energy  migration,  the  diffusion  coefficient  can 
be  expressed  in  terms  of  the  interaction  rate  between  ions 
as45 

D  =  ±f*R2P{R)p(R)dR  ,  (19) 

where  p(R)  is  the  probability  of  finding  an  ion  at  a  dis¬ 
tance  R  from  the  ion  at  the  origin,  and  for  a  random  dis¬ 
tribution  is  given  by45 

p(R)  =  4nNsR  2exp( -^-rrNsR  3 /3 )  .  (20) 

With  these  expressions  the  diffusion  constant  becomes 

D  =  y( 7nVs i? q /r, )  f  ™ R  _2exp(  —  4tt/VsP  1  /DdR  .  (21) 

Note  that  the  lower  limit  of  the  integral  is  taken  to  be  the 
smallest  distance  between  Yb3+  ions.  Using  the  value  of 
d  =2.7  A  along  with  the  concentration  and  intrinsic  de¬ 
cay  rate  of  Yb3+  ions,  JVf=  1.2x10”  cm  3  and  r;  1 
=  555  sec-1,  the  integral  in  Eq.  (21)  can  be  evaluated  nu¬ 
merically  to  give  a  value  of  1.23  X  106,  yielding  the  result 

D  =  l.7x  1031/?8  .  (22) 

Using  the  values  of  D  calculated  from  the  Chow-l’owell 
theory,  the  value  of  R„  can  be  calculated.  At  12  K,  R0 
equals  to  10.3  A,  while  at  250  K.,  Rt)  equals  13.8  A. 
These  values  are  listed  in  Table  III. 

The  temperature  dependence  of  D,  shown  in  Fig.  9,  can 
give  some  qualitative  information  about  the  exeiton 
motion  in  the  Yb3 '  system.  Figure  9  shows  that  l)  in¬ 
creases  with  temperature,  which  implies  that  the  exeiton 
motion  is  a  thermally  assisted  incoherent  process.  This 
can  be  represented  by 

D(T)  =  D(0)  +  B  exp(  —  A£ /kBT)  ,  (23) 

where  D( 0)  is  the  diffusion  constant  at  zero  temperature, 

is  the  activation  energy  of  the  thermally  assisted  pro¬ 
cess,  and  kB  is  Boltzmann’s  constant.  D{ 0)  is  the  reso¬ 
nant  contribution  to  the  diffusion,  and  B  is  the  parameter 
describing  the  nonresonant  contribution  to  the  diffusion. 
The  best-fit  parameters  obtained  from  a  least-squares- 
fitting  procedure  are  listed  in  Table  III. 

As  shown  previously,  the  results  of  the  Inokuti- 
Hirayama  analysis  of  the  Ho3+-Yb3f  energy  transfer 
and  the  Chow-Powell  analysis  of  the  Yb3  ’  -  Ho3  *  energy 
transfer  are  related  in  terms  of  transfer  and  back-transfer 
processes.  The  differences  in  the  magnitudes  of  the 
energy-transfer  rates  aie  associated  with  the  changes  in 
the  role  of  the  sensitizer  and  activator  ions,  which  change 
the  spectral  overlap  due  to  the  energy  shift  between  ab¬ 
sorption  and  emission  transitions.  Because  most  of  the 
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energy-transfer  processes  take  place  with  the  activator 
ion  initially  in  an  excited  state,  it  is  not  possible  to  calcu¬ 
late  the  overlap  integral  since  there  is  no  excited-state  ab¬ 
sorption  information  available  on  this  material.  For  this 
reason  it  is  not  possible  to  correlate  the  transfer  rates 
with  the  spectral  data. 

The  computer  models  used  to  explain  the  two  different 
types  of  up-conversion  also  provide  values  for  the 
energy-transfer  rates.  In  order  to  correlate  the  transfer 
coefficients  with  tlu  transfer  rater  obtained  from  the  two 
energy-transfer  theories,  it  is  necessary  to  multiply  the 
transfer  coefficients  by  the  concentration  of  the  initial  ac¬ 
tivator  energy  level.17  The  appropriate  levels  for  each 
transfer  coefficient  are  listed  .in  Table  IV.  Because  the 
pumping  rates  used  in  these  experiments  do  not  deplete 
the  ground  states  to  any  appreciable  extent,  the  excited- 
state  populations  of  Ho3  +  are  quite  low  compared  to  the 
ground-state  populations.  Therefore,  in  order  for  the 
forward-  and  back-transfer  rates  to  be  equal  for  the  reso¬ 
nant  transitions,  the  transfer  coefficients  must  be  several 
orders  of  magnitude  different.  In  addition,  the  transfer 
rates  for  two  different  resonant  transitions  may  be  equal, 
but  the  corresponding  transfer  coefficients  may  not  be 
equal.  Previous  studies3,11'12’14  ’7  using  similar  rate- 
equation  models  have  assumed  that  the  resonant  transfer 
coefficients  are  equal,  instead  of  the  resonant  transfer 
rates,  as  done  here. 

The  risetimes  of  Yb3+  emission  after  pumping  the  5YS 
and  5S2,!F4  states  of  Ho3  +  are  4  and  15  //sec  at  12  K,  re¬ 
spectively,  in  agreement  with  the  difference  in  the  in¬ 
teraction  strengths.  The  risetime  of  the  5S2,5F4  emission 
after  pumping  the  5F5  level  of  Ho3""  is  48  //sec.  From 
these  results  and  Eq.  (14)  the  rate  of  the  second  transfer 
process  in  Fig.  10  can  be  calculated  to  be  approximately 
2.0  <  !04  sec-1.  This  is  in  good  agreement  with  our  rate- 
equation  results  listed  in  Table  IV  (  5. OX  104  sec-1 ).  The 
nearest-neighbor  energy-transfer  rates  predicted  from  the 
Inokuti-Hirayama  theory  are  smaller  than  the  rates  pre¬ 
dicted  from  the  rate-equation  models.  This  is  a  result  of 
the  neglect  of  back-transfer.  The  energy-transfer  rate 
predicted  for  the  Yb3  +  -Ho3  +  interaction  from  the 
Chow-Powell  theory  is  also  smaller  than  the  rate  predict¬ 
ed  from  just  the  V2  term  in  Eqs.  (16).  Both  energy- 
transfer  models  suffer  as  a  result  of  neglecting  the  back- 
transfer  of  excitation  energy,  whereas  the  rate-equation 
approach  properly  takes  back-transfer  into  account  at  the 
expense  of  using  time-independent  transfer  rates. 
Neglecting  back-transfer  causes  the  sensitizer-activator 
strength  to  be  underestimated. 

The  rate-equation  models  were  used  to  fit  the  time 
dependence  of  the  up-conversion  emission.  The  results 
are  shown  as  solid  and  dashed  lines  in  Figs.  11  and  15. 
The  theoretical  calculations  agree  well  with  the  risetime 
and  asymptotic  I  r  — ■  o o  )  behaviors  of  the  data,  but  the  fits 
are  poor  in  the  the  time  region  just  after  the  maximum 
population  of  the  level  has  been  reached.  The  reason  for 
this  is  that  the  transfer  coefficients  used  in  the  rate  equa¬ 
tions  were  time  independent,  and  hence  the  only  time 
dependence  in  the  transfer  rate  was  contained  in  the  con¬ 
centration  of  acceptor  ions  in  the  specific  level  involved. 
The  decay  kinetics  shown  in  Figs.  5  and  8  can  be  inter¬ 


preted  accurately  by  models  with  time-dependent  transfer 
rates,  such  as  those  of  Inokuti-Hirayama  and  Chow- 
Powell.  These  time-dependent  transfer  rates  manifest 
themselves  predominantly  in  the  early  portions  of  the  de¬ 
cay,  where  the  constant  transfer  coefficients  give  a  poor 
fit,  leading  to  nonexponential  decays.  The  parameters  ob¬ 
tained  from  these  models  should  be  taken  as  approximate 
average  values  of  the  real  time-dependent  values  of  the 
energy-transfer  rates. 

The  stimulatcd-cmission  parameters  used  in  this  model 
of  the  infrared  up-conversion  are  related  to  the  threshold 
for  stimulated  emission.  The  spontaneous-emission  term 
in  Eq.  (16f),  a2n2,  acts  as  a  feeding  mechanism  for  the  to¬ 
tal  number  of  photons  of  a  particular  wavelength  in  the 
sample.  The  other  two  terms  in  this  equation  are  com¬ 
petitive  in  nature.  When  the  gain  term  <t>2niP2  equals  the 
loss  term  p2/r2,  then  threshold  has  been  reached.  Substi¬ 
tution  of  the  values  from  Table  IV  into  Eq.  (17)  gives  a 
value  for  n2  of  2.0X  1012  cm-3.  This  implies  a  threshold 
of  1.5X  104  W/cm3  for  direct  pumping  of  this  level,  and 
consequently  a  higher  value  for  the  threshold  for  infrared 
excitation  of  Yb3  +  .  For  a  pure  two-photon  process 
without  losses,  the  threshold  would  be  3.0X  !04  W/cm’. 
However,  losses  in  this  system  are  not  negligible,  as  dis¬ 
cussed  earlier  in  connection  with  the  saturation  behavior 
and  inclusion  of  a  third  energy-transfer  process.  As  a  re¬ 
sult,  the  actual  threshold  for  stimulated  emission  in  the 
green  after  infrared  excitation  would  be  still  higher.  Ex¬ 
perimentally  the  threshold  was  observed  to  be  75 
MW/cm3  for  infrared  excitation.  The  simplified  model 
used  to  describe  the  stimulated  emission  is  largely  respon¬ 
sible  for  the  discrepancy  in  threshold  values.43 

At  the  high  pumping  powers  used  here,  the  efficiency 
of  the  infrared  excitation  of  the  green  emission  is  not  as 
high  as  at  lower  pump  powers.  This  is  reflected  in  the 
saturation  of  the  power  dependence  shown  in  Fig.  14,  and 
in  the  population  of  n2  obtained  from  the  computer  fits. 
This  is  a  result  of  the  third  transfer  process  becoming 
more  effective  at  higher  pump  powers.4,44  The  saturation 
of  the  population  of  the  5/6  level  shown  in  Fig.  14  is  also 
evident  in  the  laser  output  at  2.9  //m  when  large  pump 
powers  are  used.4  This  is  a  result  of  the  difference  in 
transfer  rates  obtained  from  Eqs.  (16),  V, (n0)  and  V2('i|  ). 
Because  the  first  transfer  from  Yb3+  is  nonresonant  while 
the  second  one  is  resonant,  the  population  of  starts  to 
level  off  at  a  specific  pump  power,4  =  1  kW/cm’.  as  a  re¬ 
sult  of  the  second  transfer  becoming  more  efficient  at  this 
power  level.  The  saturation  of  has  been  observed44  at 
a  pump  energy  of  0.6  J/cm3  or  2  .  7  X  1023  photons/sec  for 
a  crystal  containing  0.5  at.  %  Ho3  +  .  This  is  slightly 
larger  than  the  value  calculated  here  due  to  the  difference 
in  concentration  of  Ho3  4  ions. 

Another  mechanism  for  decreasing  the  2.9-//ir  laser 
output  at  high  pump  powers  is  population  of  the  te  ninal 
level  of  the  2.9-/xm  emission,44  'I-,.  The  'I-,  state  is  meta- 
stable,  having  a  lifetime  of  9  msec,  so  that  population  of 
this  level  decreases  the  inversion  for  the  2.9-/im 
stimulated-emission  transition.  There  are  two  elfective 
mechanisms  for  populating  the  1 7  level  after  1.0-//m 
pumping.  The  first,  which  is  the  dominant  process  at  low 
pump  powers,  is  nonradiative  decay  from  ?/h  to  /7.  The 
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second  process,  which  oniy  becomes  effective  at  high 
pump  powers,  is  a  result  of  two  cross-relaxation  processes 
after  the  third  transfer  from  Yb3  +  to  Ho3  +  .  The  third 
transfer  populates  3//6  and  then  nonradiative  decay  to 
5G4  occurs.44  The  first  cross-relaxation  is 

|  Ho3f(5G4),Yb3  +  (2F7/2}> 

—  |Ho3  +  {5F5),Yb3  +  (2FV2}>  . 
The  second  cross-relaxation  is 

|  Ho3  ’■(5Fj ),Yb3+(2F7/2)> 

—  |  Ho3  +  (5/7),Yb3+(2F5/7))  . 

Both  are  resonant  processes.  The  second  cross-relaxation 
is  exactly  the  first  step  in  the  up-conversion  of  640-nm  ra¬ 
diation  into  551.5-nm  radiation,  Fig.  10.  This  is  the  con¬ 
nection  between  the  two  up-conversion  models.  This 
process  is  only  effective  in  populating  5/7  at  high  pump 
powers,  because  the  third  transfer  from  Yb3i"  to  Ho3+  is 
only  elfective  at  high  pump  powers.  A  result  of  the  in¬ 
crease  in  population  of  the  5/7  level  is  an  increase  in  the 
output  at  2.0  /jm.  This  mechanism  should  become 
effective  in  populating  5/7  at  the  pump  powers  at  which  it 
becomes  necessary  to  include  the  third  transfer  from 
Yb3  +  to  Ho3  +  . 

VII.  CONCLUSIONS 

The  characteristics  of  the  interaction  between  the 
rare-earth  ions  in  BaYb2F3:Ho3+  crystals  in  several  ener¬ 
gy  levels  has  been  calculated  and  it  has  been  shown  that 
the  interaction  is  electric-dipole-dipole.  The  coupling 
between  Ho3  +  and  Yb3+  ions  is  greater  for  the  5F5  state 
of  Ho33  than  it  is  for  the  5S2,5F4  states.  The  multistep 
migration  of  energy  among  Yb3+  ions  is  much  stronger 
than  the  Yb3  +  -Ho3+  interaction,  having  a  mean  free  path 
of  85  A  at  250  K.  This  justifies  the  treatment  of  the 
Yb33~  ions  ns  always  being  able  to  transfer  their  energy  to 


nearest-neighbor  Ho3+  ions  since  energy  migrates  from 
one  Yb3+  to  another  until  a  Ho3  +  ion  is  close  enough  for 
the  transfer  from  Yb3+  to  Ho3+  to  take  place. 

Multiple  energy-transfer  processes  were  shown  to  lead 
to  up-conversion,  switching  of  lasing  channels,  and  satu¬ 
ration.  An  important  conclusion  is  that  a  model  with  just 
two  transfers  from  Yb3+  to  Ho3+  is  insufficient  to  explain 
the  observed  data.4,44  Energy  transfer  from  Yb31  to 
Ho3+  in  the  5.r2,5F4  states  resulting  in  excitation  of  the 
Ho3+  ion  to  the  3//6  state  must  be  included  far  l he  high 
pumping  powers  used  here.  Therefore,  as  the  pump 
power  is  increased  the  efficiency  of  the  short-wavelength 
stimulated  emission,  0.55  /im,  increases,  while  the 
efficiency  of  the  longer-wavelength  stimulated  emission, 
2.9  gm,  decreases.  At  still  larger  pump  powers  the  third 
energy  transfer  causes  the  0.55/am  stimulated  emission  to 
be  less  efficient. 

The  laser-performance  results  for  the  2.9-^m  laser  ac¬ 
tion  have  shown  that  the  efficiency  of  the  laser  action  can 
be  significantly  increased  by  pumping  into  a  Yb3 '  spec¬ 
tral  region  with  a  larger  absorption  coefficient.  Since  the 
Yb3+  absorption  peaks  at  approximately  960  nm  at  room 
temperature,  diode  pumping  should  be  an  effective 
method  of  achieving  improved  efficiency  in  the  2.9-^m 
laser  action.  However,  as  we  have  shown  in  connection 
with  the  rate-equation  analysis,  the  efficiency  of  this  laser 
channel  is  limited  by  saturation  effects,  and  therefore  the 
very  large  difference  in  the  absorption  coefficient  at  960 
nm  as  opposed  to  1047  nm  (greater  than  an  order  of  mag¬ 
nitude)  may  not  be  reflected  in  the  increased  efficiency  of 
the  2.9-/im  laser  action. 
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Excited  State  Absorption  of  Pump  Radiation  as  a 
Loss  Mechanism  in  Solid-State  Lasers 

MICHAEL  L.  KLJEWER  and  RICHARD  C.  POWELL 


Abilrail— I  lie  charuiTcristics  of  uplical  |)iiiiipinj>  dynamics  occur¬ 
ring  in  luscr-piiinpcd  rare  carlli-dupcil,  solid-state  laser  materials  were 
Misestimated  liy  usinm  a  tunahle  alexandrite  laser  tu  pump 
V  iAI#0,j :  Nil'1  ’  in  an  optical  cavity.  It  was  found  that  (lie  slope  elii- 
ciency  ol  l lie  Nd  laser  operation  depends  strongly  on  Hie  wavelength  of 
the  pomp  laser.  Tor  pump  wavelengths  resulting  in  low  slope  etlicien- 
cies,  intense  lluoreseence  emission  is  observed  from  the  sample  in  the 
hlue-green  spectral  region.  This  is  attributed  to  the  excited  slate  ab¬ 
sorption  of  pump  photons  which  occurs  during  radiationless  relaxation 
fr oiii  the  pump  hand  to  the  metaslahle  stale.  This  type  of  process  will 
he  an  important  loss  mechanism  for  monochromatic  pumping  of  laser 
systems  at  specific  pump  wavelengths. 

I.  Introduction 

ELECTIVELY  pumping  rare  earth-doped  solid-stale 
lasers  in  pump  bands  only  slightly  higher  in  energy 
than  the  lasing  metastable  state  is  desirable  because  there 
is  less  pump  energy  converted  to  heat  than  there  is  in 
broad-band  pumping  throughout  the  spectral  region  much 
higher  m  energy.  The  small  quantum  delect  associated 
with  this  iype  of  low-energy  monochromatic  pumping  can 
increase  ihc  elliciency  of  laser  operation  and  decrease 
problems  arising  from  thermal  lensing.  The  development 
u|  diode  lasers  as  pump  sources  has  led  to  the  construction 
of  compact,  solid-stale  laser  systems  |1|-|6|.  However, 
the  powers  and  wavelengths  presently  available  from 
diode  laser  pump  sources  are  limited.  Pumping  with  a- 
tunable  alexandrite  laser  can  he  useful  in  simulating  diode 
laser  pumping  and  exlending  potential  laser  pumping  to 
higher  power  and  di  lie  rent  wavelength  regions.  In  addi- 
i u >n .  lot  some  high-power  laser  applications,  an  alexan¬ 
drite  laser  may  be  an  ideal  pump  source  for  a  rare  earth- 
doped  solid-state  laser. 

The  results  of  an  investigation  of  the  spectral  dynamics 
of  a  Y  iAlyO,: :  N d '  (  Nd-YAG  )  laser  pumped  by  an  al¬ 

exandrite  laser  are  presented  here.  These  results  show  im¬ 
portant  differences  between  broad-band  frequency  pump¬ 
ing  and  monochromatic  pumping,  demonstrate  the 
importance  of  completely  characterizing  the  pumping  dy¬ 
namics  ol  laser  systems,  and  show  the  elfeeis  of  excited 
slate  absorption  (ESA)  of  pump  photons  from  levels  above 
the  lasing  transition  on  the  slope  elliciency  of  the  laser 
operation 
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II.  Alexandrite  Laser  Pumping  oi-  Nd-YAG 

An  alexandrite  laser  with  an  output  tunable  between  725 
and  790  nin  was  used  to  pump  an  Nd-YAG  crystal.  The 
pulse  width  of  the  alexandrite  was  about  60  /ts  EWIIM 
and  the  maximum  power  obtainable  was  20  W  at  a  recep¬ 
tion  rate  of  20  Hz.  The  spectral  width  of  the  laser  is  ap¬ 
proximately  I  nm  FWHM. 

The  crystal  was  mounted  in  a  cavity  consisting  ol  a  100 
percent  reflector  with  a  50  cm  radius  of  curvature  and  a 
Hat  85  percent  output  coupler.  Transverse  pumping  was 
employed  with  cylindrical  and  convex  lenses  used  to  fo¬ 
cus  the  pump  laser  beam  in  a  line  along  (lie  length  ol  flic 
Nd-YAG  sample.  In  this  way,  an  ellicienl  pumping  con 
figuration  was  achieved.  The  power  incident  on  the  Nd 
YAG  crystal  and  the  power  output  from  the  Nil  YAG  laser 
were  measured  simultaneously  with  two  calibrated  power 
meters.  The  Fresnel  reflections  and  absorption  of  the  ma¬ 
terial  were  considered  when  calculating  die  power  ah 
sorbed  by  the  crystal.  The  lluoreseence  emission  Irom  the 
sample  was  sent  through  a  1/4  m  niouochiomaior,  de¬ 
lected  with  an  RCA  C3I034  pholouiullipliei  lube,  ana¬ 
lyzed  by  a  boxcar  integrator,  and  recorded  on  a  chan  re 
coaler.  The  experimental  setup  shown  in  l  ig.  I  made  it 
possible  to  measure  the  lluoreseence  emission  both  while 
the  sample  was  lasing  ai  1.06  /on  and  in  the  absence  ol 
lasing.  I  lie  sample  was  0.28  cm  long  and  l  oni.oned  ap 
prnximulcly  I  x  I  O'"  Nil1'  ions/cm1. 

Fig.  2  shows  (lie  energy  levels  of  Nil '  ’  and  the  a  les  am 
electronic  transitions  when  pumping  with  )  Y>  nm  Fiji  t 
shows  the  absorption  spectrum  ol  Nd'1  in  YAG  m  the 
liming  region  of  the  alexandrite  laser.  Die  sliucune  is  due 
to  ihe  transitions  to  various  Sunk  components  ol  die  '.S',  . 
+  7’7/:  levels.  The  alexandrite  laser  output  is  timed  ovet 
the  absorption  transitions  shown  in  Fig.  2,  idler  which 
radiationless  relaxation  occurs  to  t ho  ,  metaslahle 

state.  Fluorescence  occurs  from  the  4F,,  level  to  ihc  lev¬ 
els  belonging  to  ihc  J/  term  and,  above  threshold,  lasing 
occurs  m  ihc  4F, ,,  -♦  4/u  ,  transition 

Figs  4  anil  5  show  I  he  room  temperature  Ihimcsi  cine 
spectra  between  300  and  900  nut  of  Nd  Y At  I  pumped  l>\ 
an  alexandrite  laser  at  734.0  and  748.6  nm,  respectively 
In  leconling  these  spectra,  a  tiller  was  used  to  eliminate 
scattered  laser  light,  and  this  also  eliminates  Oom  die  te- 
corded  spectra  some  ol  the  emission  transitions  ociurriug 
between  600  and  770  nm.  A  neutral  density  lillei  rated  at 
4.0  0.0.  was  used  when  recording  the  fluorescence  cims- 
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Fig.  4  Fluorescence  of  Nd  YAG  when  pumped  with  die  734  nm  emission 
of  an  alexandrite  laser  Cutoff  and  neutral  density  filters  were  used. 
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1  i  e  '  Ahsoiptmn  specinun  «d  Nd-YACi  in  the  spectral  region  of  a  lex 
■  indrite  lasei  pumpme  I  he  \citic;il  lines  give  the  spectral  position  ol  die 
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Fig.  5.  Fluorescence  ofNd-YAG  when  pumped  with  the  748  nm  emission 
of  an  alexandrite  laser.  CutulT  and  neutral  density  fillers  were  used. 

sion  in  the  spectral  region  from  770  to  900  nm.  Along 
with  the  normal  fluorescence  from  the  *Fx/2  level  in  the 
near-infrared  spectral  region,  strong  emission  lines  ap¬ 
pear  at  higher  energies  between  about  380  and  600  nm 
These  transitions  must  be  associated  with  multiphoton  ab¬ 
sorption  processes.  The  specific  transitions  that  appear  in 
this  spectral  region  and  their  relative  intensities  depend 
on  the  wavelength  and  the  power  of  the  pump  pulse.  Tran¬ 
sitions  between  levels  having  energy  differences  matching 
the  observed  spectral  lines  of  Fig.  4  are  shown  in  Fig,  2. 
It  appears  that  these  transitions  originate  from  (he  :PX  ... 

and  ~P ,/i  levels  and  terminate  on  the  various  mul- 
tiplets  of  the  ground  temt.  The  spectrum  shown  in  Fig  5 
is  also  a  result  of  a  multiphoton  excitation  process  and  the 
fluorescence  in  the  green  is  a  result  of  transitions  origi¬ 
nating  from  the  level  and  terminating  on  various 

components  of  the  ground  term 
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In  order  to  excite  the  higher  lying  fluorescence  levels 
producing  the  emission  shown  in  Fig.  4,  it  is  necessary 
tor  two  pump  photons  to  be  absorbed.  For  energy  to  be 
conserved,  the  energy  of  the  transition  from  the  ground 
state  to  the  linal  level  must  match  the  sum  of  the  energies 
of  the  two  photons  minus  any  energy  lost  through  radia¬ 
tionless  decay  processes.  By  studying  the  energy  level 
diagram  in  Fig.  2,  it  is  clear  that  the  only  path  for  the 
required  two-photon  excitation  process  under  these  pump¬ 
ing  conditions  is  for  the  first  photon  to  be  absorbed  by  a 
transition  to  one  of  the  Stark  components  of  the  4F7/2  + 
levels  followed  by  radiationless  relaxation  to  the 
levels  of  the  lH^/2  +  4/r5/2  manifold.  The  second  photon 
is  absorbed  before  the  ion  can  continue  relaxing  down  to 
the  4Fj/i  metastable  state.  Depending  on  the  exact  energy 
of  the  pump  photons,  there  is  a  good  energy  match  to 
transitions  terminating  on  the  two  Stark  components  of 
the  2P 3/2  level.  In  this  level,  there  is  a  branching  ratio  for 
lluorescing  and  radiationless  relaxation  to  the  lower  :D5/2 
and  'P\/2  levels  from  which  some  fluorescence  also  oc¬ 
curs. 

Excitation  spectra  of  the  emission  in  the  420  nm  spec¬ 
tral  region  was  taken  in  an  attempt  to  verify  the  above 
interpretation  and  the  results  are  shown  in  Fig.  6.  The 
peaks  in  the  420  nm  excitation  spectrum  are  different  from 
the  absorption  peaks  in  Fig.  3  and  correspond  spectrally 
to  the  energy  differences  between  the  different  Stark  com¬ 
ponents  of  the  4F,/j  +  2Htt/ ,  manifold  and  the  Stark  levels 
of  the  multiple!.  The  excitation  spectrum  of  the  H70 
nm  emission  was  also  measured  and  found  to  contain  the 
same  features  as  the  absorption  spectra  shown  in  Fig.  3. 


III.  Enucr  of  Pump  Photon  ESA  on  Slopi- 
Ei  ficu-.ncifs 

Fig.  7  shows  the  results  of  measuring  lasing  thresholds 
anti  slope  elliciencies  for  Nd-YAG  pumped  at  different 
wavelengths  by  an  alexandrite  laser.  It  should  be  noted 
that  no  attempt  was  made  to  optimize  the  sample  or  cavity 
parameters  to  obtain  the  best  possible  operational  char¬ 
acteristics  of  an  Nd-YAG  laser.  The  purpose  of  this  work 
is  to  demonstrate  how  these  characteristics  vary  as  a  func¬ 
tion  of  pump  wavelength.  The  results  show  only  small 
changes  in  the  lasing  threshold  as  a  function  of  pump 
wavelength,  whereas  the  slope  efficiency  varies  signifi¬ 
cantly  as  the  pump  laser  is  tuned  across  the  absorption 
bund  of  Nd-YAG  shown  in  Fig.  3. 

I  lie  vertical  lines  in  Fig.  3  identify  the  spectral  posi¬ 
tions  of  the  pump  wavelengths  resulting  in  excited  state 
absorption  from  the  4Fs/>  +  ://,l/,  levels  to  the  :/Y_.  en¬ 
ergy  levels.  For  753  6  nm  excitation,  no  ESA  of  pump 
photons  occurs  and  a  slope  efficiency  of  10  percent  is  ob¬ 
tained,  while  for  737  0  nm  excitation,  ESA  of  pump  pho¬ 
tons  reduces  the  slope  efficiency  to  only  b  percent.  For 
the  pumping  conditions  resulting  in  fiiglt  values  of  the 
slope  efficiency,  there  is  no  change  in  the  slope  of  the 
measured  power  output  versus  power  absorbed  curve  over 
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Fig.  6.  420  nm  excitation  of  Nd-YAG  when  pumped  with  die  emiNston  ol 
a  tunable  alexandrite  laser 
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Fig.  7.  Power  threshold  and  slope  ellicieiuy  lot  Nd  YAti  pumped  l>\  .01 
alexandrite  laser.  1  lie  dotted  line  is  the  lit  to  the  slope  ellniciu)  uioc 
at  737  nm  pumping. 


the  entire  range  of  pumping  powers.  However,  for  the 
pumping  conditions  resulting  in  low  values  ol  the  slope 
efficiency,  the  slope  of  the  curve  of  measmed  power  out¬ 
put  versus  power  absorbed  decreases  at  high  pump  pow¬ 
ers.  This  is  associated  with  the  pump  power  dependence 
of  the  ESA  loss  mechanism. 

rite  slope  efficiency  i;,  is  defined  as  |d|,  1 1 0 1 


where  and  A„  arc  the  pump  ami  output  wavelengths.  ( 
is  the  output  coupler  transmission,  /.  is  the  sample  loss 
per  pass,  and  C  is  the  total  transmission  ol  the  cavity  mu 
rors  >/„  is  the  pumping  efficiency  and  is  defined  as  the 
number  ol  ions  excited  lo  the  origin  ol  i lie  lasing  ii.msi 
lion  produced  per  photon  absorbed 
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The  1'SA  of  pump  photons  (bund  lo  occur  in  levels 
above  the  upper  level  of  the  lasing  transition  can  be  taken 
into  account  In  icdclining  the  pumping  elliciency  as 

>),.(  I  -  Vi  sa  )  ■  (-) 

(a|uation  (2)  is  valid  when  the  excited  slate  absorption 
cioss  section  is  much  greater  than  the  ground  st ale  ab¬ 
solution  cross  section  and  the  rate  of  nonradiative  relax¬ 
ation  downward  is  much  greater  than  the  rate  upward  due 
to  excited  state  absorption.  The  slope  elliciency  can  be 
expanded  as 

V,  -  I  -  Vi  sa  I  (3) 

ulicic  >;V  is  given  in  ( 1 1  with  i;,,  replaced  by  r;J'  and  >/i-.sa 
is  the  cxciicd  stale  tibsoipiton  elliciency  defined  as 

Vi  sa  ~ 

■V,  and  ci,  sx  aic  the  excited  state  density  and  excited  state 
absoiption  cross  section,  respectively,  of  the  levels  above 
die  nppei  level  of  the  lasing  transition  from  which  the 
I  SA  piocesscs  occur.  </  is  the  depth  of  absorption  of  the 
pump  light  hi  the  sample. 

flic  cllcvis  USA  of  pump  photons  present  at  various 
pump  wavelengths  can  be  described  by  (3).  For  753.6  nm 
excitation,  there  is  no  blue  emission  detected  and  the 
maximum  slope  elliciency  is  obtained.  Thus,  it  is  as¬ 
sumed  that  there  is  no  F.SA  of  pump  photons  from  levels 
above  die  tippet  level  of  die  lasing  transition  and  the  value 
ul  lit  percent  obtained  lot  die  slope  elliciency  under  these 
pumping  conditions  is  taken  as  the  maximum  value  for 
if,  ifr  ,s  assumed  lo  be  one  in  the  absence  of  FISA  of  pump 
photons,  but  will  vary  with  pump  wavelength.  The  ESA 
ellictenev  and  the  excited  slate  absorption  cross  section 
can  be  determined  by  lilting  (3)  to  the  slope  elliciency 
cinves  shown  in  Fig.  7.  An  example  of  this  type  of  lilting 
is  shown  as  a  solid  line  in  the  ligure  for  737.0  nm  pump¬ 
ing  In  iheimal  equilibrium,  a  Boltzmann  distribution  pre- 
duis  dial  about  2.5  percent  of  the  population  of  the  cx- 
eiled  stale  will  be  in  the  specific  Stark  component  of  the 
II,,  ,  i  l\  _<  levels  from  which  F.SA  occurs.  Fitting  (3) 
lo  the  tesnlix  obtained  for  737.0  nm  excitation  yields  a 
value  lot  Vi  sa  o!  0  108  at  the  pumping  threshold,  vksa 
iik  leases  linearly  with  the  power  absorbed  by  the  material 
because  ol  AO's  linear  fJcpcndcncy  on  power  absorbed. 
Using  die  value  lor  r/|.SA  with  (4)  gives  an  excited  state 
absoiption  cross  section  of  4.6  x  10  1  ’  cur.  This  is  con¬ 
sistent  with  results  found  from  two-photon  absorption 
studies  of  Nd1'  tons  in  solids  |ll|.  The  reason  for  this 
relatively  large  value  is  probably  due  to  strong  admixture 
ol  the  <1  wavelunctions  in  the  high  lying  ■P 1/2  level. 

IV  Discussion  and  Conclusions 

The  icsnlis  discussed  above  show  that  alexandrite  laser 
pumped  Nd-YACi  lasers  can  have  a  pump  wavelength- 
dependent  loss  mechanism  associated  with  the  excited 
state  absorption  of  pump  photons.  This  loss  mechanism  is 


negligible  for  some  pump  wavelengths,  while  for  other 
wavelengths,  this  loss  mechanism  dominates  the  pumping 
dynamics  to  the  extent  that  the  slope  elliciency  is  greatly 
decreased.  This  is  the  lirst  observation  of  a  loss  mecha¬ 
nism  in  lasers  due  to  exciter!  state  absorption  ol  pump 
photons  taking  place  daring  relaxation  front  the  pump 
band  to  the  metastable  slate.  This  will  not  be  as  significant 
a  loss  mechanism  for  broad-hand  pumping  because  the 
pump  photons  arc  spread  over  a  wide  range  of  (he  ener¬ 
gies  However,  for  monochromatic  pumping  by  laser 
sources  with  all  the  pump  photons  having  the  same  en¬ 
ergy,  this  can  be  the  dominant  loss  mechanism  Since 
multiphoton  absoiption  is  power-dependent  process,  this 
loss  mechanism  will  be  most  important  for  high-power 
pumping  situations,  flowever,  even  for  low-power  diode 
laser  pumping,  the  loss  via  this  mechanism  may  not  be 
negligible. 

Other  types  of  excited  state  absorption  processes  are 
well  known  as  loss  mechanisms  in  laser  systems.  These 
include  up-conversion  energy  transfer  through  ion  ion  in¬ 
teractions  | H |  and  the  excited  stoic  absorption  of  photons 
that  are  part  of  the  laser  emission  1 1()|.  It  is  not  surptising 
that  excited  state  absorption  of  pump  photons  can  become 
important  under  the  conditions  of  high-power  laser  pump¬ 
ing.  However,  it  is  surprising  that  the  second  step  in  the 
two-photon  absorption  process  occurs  before  the  ion  has 
completely  relaxed  to  the  lowest  lying  melastahle  state. 
This  allows  many  dillerent  transitions  to  take  place  in  the 
excited  stale  absorption  process,  and  therefore  enhances 
the  e  fleet  of  This  loss  mechanism.  The  elVectivencss  ol  this 
loss  mechanism  depends  on  the  relative  rate  of  the  non- 
radiative  relaxation  of  the  ions  in  the  initial  slate  of  the 
transition  compared  to  the  rate  of  excited  state  absorption 
The  exponential  energy  gap  law  1 1 2 1  predicts  a  multi- 
phonon  decay  rate  for  lite  J/T/:  term  on  the  order  of  It)'' 
s’’1,  whereas  the  liS A  pump  rate  at  threshold 

0»'.sx),„  =  <Tsa  (~)  (5) 

is  on  the  order  of  10s  s  1 . 

it  should  also  be  pointed  out  that  we  have  observed  this 
new  type  of  loss  mechanism  when  pumping  into  the  FT  . 
energy  levels  [  1 3 1 ,  in  a  large  number  of  Nd-dopcd  laser 
materials  and  in  laser  materials  bused  on  other  rare  earth 
ions  such  as  Er  Thus,  it  appears  that  this  is  a  general 
loss  mechanism  that  may  be  in  all  laser-pumped  solid  - 
state  laser  systems  based  on  rare  earths  ions. 
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Single  crystals  of  lanthanum  lutetium  gallium  garnet  (LaLuGaG)  were  grown  by  the  Czocliralskt 
pulling  technique.  X-ray  diffraction  and  elementa.  analysis  performed  on  these  samples  indicate 
that  these  garnets  do  not  form  with  simple  stoichiometry  described  us  |  La |  ,[Lu]2G;ijOi:  but  with 
increased  Lu  concentration  in  the  dodecahedral  site  and  Ga  occupancy  in  the  octahedral  site.  Opti¬ 
cal  absorption  and  fluorescence  spectra  confirm  these  results,  showing  inhomogeneous  broadening 
of  the  spectral  lines  of  Nd1  +  .  Various  laser  gain  measurements  were  performed  on 
1  La,  . ,  Lu,  |  j(LU|  _KGay]2GajO|2  crystals  containing  4.3  and  1.3  at.  %  NdJ+  to  determine  the  use¬ 
fulness  of  this  material  as  a  laser.  No  optical  gain  was  observed.  Time-resolved,  site-selection  spec¬ 
troscopy  measurements  were  performed  to  determine  the  effects  of  ion-ion  interaction,  and  show  the 
presence  of  very  weak  energy  transfer  between  ions  in  nonequivalent  crystal-field  sues.  Two-photon 
excitation  spectroscopy  measurements  demonstrate  the  presence  of  very  strong  two- 
photon -absorption  transitions,  which  prevents  lasing  in  this  garnet. 


I.  INTRODUCTION 

Although  Nd-doped  YjA12(A104)3  (YAG)  has  become 
a  standard  laser  material,  there  is  still  significant  interest 
in  characterizing  the  properties  of  other  types  of  Nd- 
doped  matertals  that  can  be  pumped  with  Ga2_xAlxAs 
laser  diodes  emitting  radiation  at  800±20  nm.  The  spec¬ 
tral  emission  of  laser  diodes  at  800  nm  is  resonant  with 
the  4 Fy  2  and  Ndit’  absorption  bands.  The  advan¬ 

tage  derived  from  the  spectral  match  leads  to  a  reduction 
of  the  amount  of  heat  which  is  deposited  in  the  medium, 
thus  reducing  the  thermomechanical  requirements  of  the 
laser  host.  With  the  commercial  availability  of  single 
laser  diodes  with  powers  exceeding  1  W  and  two- 
dimensional  arrays  producing  4.0  kW/cm‘,  it  is  useful  to 
determine  if  other  materials  can  be  found  with  spectral 
and  thermo-optic  properties  leading  to  improved  laser 
characteristics.  Desirable  properties  of  new  laser-diode- 
pumped  solid-state  lasers  include  a  longer  fluorescence 
lifetime,  a  broader  absorption  band,  and  a  higher  absorp¬ 
tion  coefficient  as  compared  to  Nd:YAG.  We  report  here 
the  results  of  x-ray  diffraction,  elemental  and  spectro¬ 
scopic  analysis,  and  gam  measurements  obtained  on 
Nd  '  -doped  |  La,  ,Lu(j([Lu,  . vGav  ] ,Ga ,0,,  (LaLu- 
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GaG)  crystals. 

YjAI2(A104)3  is  not  the  ideal  garnet  structure  for  dop¬ 
ing  with  Nd3  4  ions.  The  ionic  radius  of  Nd’4  is  too 
large  to  give  polyhedra  sides  that  match  the  s.o ’s  of  A!3  4 
polyhedra.  This  mismatch  imposes  difficulties  in  forming 
a  solid  solution  of  Nd3AI2(AI04 )i  with  YjAI2(AI04),  t Hat 
would  limit  the  amount  of  Nd34  that  can  be  incorporated 
into  the  YAG  lattice  to  only  a  few  atomic  percent.  In  ad¬ 
dition,  the  distances  between  cation  lattice  positions  for 
the  aluminum  garnets  are  small  enough  to  allow  for 
strong  enough  ion-ion  interaction  to  produce  concentra¬ 
tion  quenching  of  the  Nd3  4  fluorescence.1  On  the  other 
hand,  neodymium  may  be  substituted  completely  into 
gallium-based  garnet  systems.  The  largest  lattice  param¬ 
eters  in  the  gallium  garnet  group  may  be  realized  in  gar¬ 
nets  formed  with  lanthanum  occupying  the  dodecahedral 
positions.  For  such  gai  ’ets  to  be  synthesized,  the  struc¬ 
ture  must  be  expanded  by  substitution  of  ions  larger  than 
gallium  into  the  dodecahedral  sites.  When  such  substitu¬ 
tions  were  made,  it  was  found3  that  compounds  do  not 
form  with  simple  stoichiometry  described  as 
|  La  |  ,[Lu  ]jGa  ,Ol2,  but  that  the  octahedral  and 
tetrahedral  substituents  are  distributed  between  two  ctys- 
tallographic  sites,  with  the  distribution  corresponding  to 
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(he  formula  |  l.a,  ,  Lu ,  |  t[Lu,  _  (,Gay  ]2Ga3012. 

The  slutly  of  mixed  garnet  crystals  began  in  the  late 
l%()s.  Mixed  garnets  are  those  in  which  additional  addi¬ 
tives  have  been  introduced  into  (lie  |  A  |  ,[/?]2(  C)30|,  gar¬ 
net  crystal,  causing  multiple  cons  to  occupy  crystallo¬ 
graphic  sites  Numerous  laboratories  have  studied  the 
optical  spectroscopy  of  mixed  garnets,  in  particular  Lu- 
compcnsalcd  Nil:  Y  ,AI:(  Al()4)t.  Holton  el  al.''  showed 
inhomogeneous  broadening  of  the  spectral  lines  of  Nd1  +  , 
alliibuled  to  a  distribution  of  Nd  ions  among  sites  with 
ditl'ciciii  ci  vstalline  fields.  T  he  resulting  broadening  is  at¬ 
tributed  to  Nil  ions  residing  in  l.u-rieh  and  Y-rich  sites 
with  slightly  il i tl’cren I  crystal  fields.  Voroifko  and 
Sobol', 1  in  a  more  comprehensive  study  of  ibis  mixed 
gaunt  svsieiti,  investigated  the  dependence  of  the  width 
and  intensity  of  the  spectral  lines  with  respect  to  varying 
cnnccnii alions  of  Y  and  Lit  in  the  dodecahedral  sites.  A 
slight  broadening,  by  2-10  times,  was  seen  in  these  gar¬ 
nets,  with  no  change  of  the  intensities. 

Hoped  with  Nd,  these  mixed  garnets  arc  intermediate- 
gam  laset  materials,  exhibiting  gain  higher  than  Nd:g!ass 
but  lower  than  Nd:YAG.  These  materials  would  exhibit 
higher  energy  storage  and  lower  amplified  spontaneous 
emission  al  high  pump  powers. ? 


II.  LXIMiRIMKNTAI.  RKSUI.TS 

A.  Crystal  growth 

The  lanthanum  lutetium  gallium  garnets  of  the  above 
composition  were  grown  by  the  standard  Czochralski 
pulling  technique.  The  raw  materials  were  dried  at 
200 "C,  and  l.a2(),  and  Lu,0,  were  tired  at  1100°C  for 
12  li  so  that  they  would  be  free  of  absorbed  water  and 
carbon  dioxide.  The  oxide  was  then  mixed  in  the  desired 
ratio,  pressed  in  an  isostatic  press,  and  loaded  into  a  5x5 
cm  iridium  crucible,  if  power  at  a  9.8-kHz  frequency 
was  coupled  via  copper  coil  to  the  crucible,  heating  the 
crucible  and  melting  the  charge.  The  crucible  was  insu¬ 
lated  with  a  stabilized  ztreonia  sleeve,  and  the  entire  as¬ 
sembly  (coil,  insulation,  and  crucible)  was  enclosed  in  a 
water-cooled  bell  jar  equipped  with  nitrogen  and  oxygen 
supply  lines,  providing  a  growth  atmosphere  of  N2  with  1 
vol.  rr  of  02.  The  pulling  rates  employed  were  1  mm/li 
The  fl it k I  flow  in  the  melt  was  aided  by  rotating  of  the 
crystal  al  the  rale  of  15  rpm.  The  crystal  diameter  was 
controlled  al  a  programmed  rate  by  regulating  the  weight 
of  the  growing  crystal.  The  crystal  grown  in  the  [111] 
direction  displayed  typical  garnet  morphology,  that  is, 
faceting  and  core  formation  due  to  growth  with  a  convex 
interface.  The  crystals  were  1  in.  in  diameter  and  be¬ 
tween  2  and  4  in.  long.  Numerous  growth  runs  of  these 
I.al.uGaG  crystals  were  performed  with  either  or  both 
Cr*  ‘  and  Nd'1.  T  he  samples  studied  were  two  Nd- 
ilopeil  houles  with  3.3  and  1.0  at.  %  added  to  the  melt 
and  one  sample  with  0.4  at.  %  Cr34\  Spectroscopic  sam¬ 
ples  of  high  optical  quality  were  cut  and  polished  from 
these  bottles. 


13.  X-ray  diffraction 

The  spectroscopic  characteristics  of  optically  active 
ions  in  garnet  crystals  are  closely  related  to  the  properties 
of  the  crystal  structure.  Originally  determined  by 
Menscr6  for  naturally  occurring  minerals  such  as  grossu- 
larite,  spessartine,  or  pyrope,  the  garnet  structure  is  cubic 
and  belongs  to  space  group  laid.  All  the  cations  are  in 
special  positions  with  no  degree  of  freedom,  while  the  ox¬ 
ygen  atoms  are  in  general  positions.  Each  oxygen  atom  is 
at  a  shared  corner  of  four  polyhedra:  one  tetrahedron 
surrounding  a  “r/”  ion;  one  octahedron  surrounding  an 
ton;  two  dodecahcdra  surrounding  “c”  ions. 

The  positions  of  the  oxygen  ions  in  the  structure  tire 
defined  by  three  general  parameters:  .t,  y,  and  z.  The 
values  of  these  parameters  change  with  the  chemical 
composition  of  the  garnets  and  depend  mainly  on  the  ra¬ 
dii  of  the  cations.  When  oxygen  ions  are  shifted  from 
their  ideal  positions,  distortions  of  polyhedra  result. 
These  distortions  change  the  length  of  the  edges  of  the 
polyhedron,  while  the  distances  between  the  center  and 
the  corners  of  the  polyhedron  are  given  by  cation-oxygen 
ionic  radii.  Thus,  freedom  in  substitution  of  various  cat¬ 
ions  in  the  garnet  structure  is  greatly  restricted  by  the  re¬ 
quirement  of  matching  the  length  of  the  shared  edges 
among  the  three  polyhedron  types.  On  the  other  hand, 
expanding  one  polyhedron  by  proper  selection  of  substi¬ 
tuting  cations  may  allow  extending  the  selection  of  other 
cations  for  substituting  into  the  garnet  structure.  This 
appioaeh  has  been  successful  in  doped  lanthanum  gar¬ 
nets.  2 

The  crystal  structure  analysis  was  performed  on  an  au¬ 
tomated  Nicolet  R3m//i  diffractometer  equipped  with  tin 
incident-beam  graphite  monochromator  and  Mo  Ka  ra¬ 
diation  (A.  =  0.7 107  A).  Lattice  parameters  were  deter¬ 
mined  for  20  centered  reflections  within  3.0°  <  20  <  60.0°. 
Data  were  corrected  for  Lorentz-polarization  effects 
and  absorption  correction.  The  structure  of 
j  La, _ ,  Lu,  1 3[Lu|  _  ^Gay  ]2Ga,0,2  was  solved  by  direct 
methods  by  varying  x  and  y  until  the  R  factors  (or  residu¬ 
als)  were  minimized.7  Low  R  factors  indicate  that  the 
structure  is  correct  and  that  the  structure  model  based  on 
atomic  positions  agrees  well  with  the  experimentally  mea¬ 
sured  intensities.  Table  I  shows  the  essential  details  of 
the  structure;  detailed  structure  information  can  be  found 
in  Ref.  8. 

C.  X-ray  lluorescence 

Elemental  analysis  was  performed  on  three  samples  of 
LaLuGaG  doped  with  impurities.  These  included  two 
spectroscopic  samples  doped  with  Nd'  h  and  Cr'1  .  The 
t  litre)  samp’e  was  a  l()-cm-loug  by  3-cm-diameter 
Nd' f  I  aLttGaG  boule.  The  analysis  was  performed  with 
a  Kevex  770/8000  x-ray  fluorescence  spectrophotometer. 
This  instrument  uses  the  energy  dispersive  technique, 
where  radiation  from  a  primary  x-ray  tube  is  directed 
upon  a  secondary  target,  generating  monochromatic  x- 
ray  fluorescent  radiation  at  the  characteristic  Ka  and  K /l 
energy  levels  of  the  target  material.  This  secondary  radi¬ 
ation  is  then  directed  upon  the  sample  to  be  analyzed. 
The  subsequent  x-ray  fluorescence  from  the  sample  is 
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TABLE  I.  Summary  of  single-crystal  x-ray  diffraction  results  of  |  La,_.,Lu, )  jfLu^Ga^GajOu 
for  x  =  0.25  and  y=0.  Atom  coordinates  ( X  IO4)  and  thermal  coefficients  (A2 X  101)  of  LaLuGaG. 
Space  Group:  laid  (cubic)  (No.  230).  Unit  cell  axis  length:  12.930(3)  A.  Observed  data  [l  £  3o(/)]: 


236.  Refinement:  R=4.07%;  mR  =  3.02%. 


Atom 

104x 

104y 

104z 

u  no-3  A2) 

Lull) 

0 

0 

0 

21(1)* 

La(2) 

0 

2500 

1250 

20(  1  )* 

Lu(2) 

0 

2500 

1250 

20(1)' 

Ga(3) 

0 

2500 

3750 

22(1)“ 

O 

300(3) 

576(3) 

6569(3) 

23(1)“ 

'Equivalent  isotropic  U  defined  as  one  third  of  the  trace  of  the  orthogonalized  U,j  tensor.  Parenthetical 
values  are  estimated  standard  deviations. 


detected  and  recorded  on  a  multichannel  analyzer.  The 
chief  advantage  of  the  energy  dispersive  system  is  that 
secondary  targets  can  be  chosen  whose  secondary  x-ray 
fluorescence  will  most  efficiently  excite  the  analytes  in 
question.  Such  efficient  monochromatic  excitation  results 
in  a  high  signal  to  background  ratio  and  provides  the 
ideal  conditions  for  accurate  quantification  routines. 

Film  standards  of  known  concentration  and  mass 
thickness  were  obtained  from  Micromatter  Co.9  to  obtain 
a  known  intensity-concentration  ratio.  This  known  ratio 
is  compared  with  the  sample  fluorescence  intensities  and 
is  used  in  conjunction  with  excitation  efficiencies  and  ma¬ 
trix  effects  to  calculate  analyte  concentrations  and  the 
elemental  composition  of  the  sample. 

In  our  analysis  of  these  samples,  we  selected  secondary 
targets  which  would  most  efficiently  excite  the  analytes  of 
interest  with  minimum  peak  overlapping.  Other  parame¬ 
ters  such  as  tube  voltage  and  current,  counting  time,  and 
atmosphere  were  selected  to  provide  a  statistically  valid 
number  of  counts  and  reduce  atmospheric  effects.  The 
composition  of  three  LaLuGaG  single  crystals  is  shown 
in  Table  II.  The  results  in  Table  II  clearly  indicate  the 
added  presence  of  lutetium  in  positions  other  than  that  of 
the  octahedral  site.  Based  on  size  constraints,  Lu  undou¬ 
btedly  occupies  the  dodecahedral  site.  These  results  were 
confirmed  by  x-ray  diffraction.  In  addition,  the  Ga  con¬ 
centration  was  found  to  be  slightly  larger  than  three  for¬ 
mula  units,  which  would  indicate  occupancy  in  the  octa¬ 
hedral  site. 

The  segregation  constant,'  k,  for  Nd3  +  :LaLuGaG  can 
be  determined  from  the  data  in  Table  II.  At  equilibrium, 


the  concentration  in  the  solid  is  given  by10 

cs=kc0(  1  —g)k~i  ,  (1) 

where  c0  is  the  initial  concentration  of  the  dopant  ion 
and  g  is  the  fraction  of  melt  that  has  been  crystallized. 
For  Nd3  +  in  LaLuGaG,  k  is  1.3. 

D.  Index  of  refraction 

The  refractive  indices  of  Nd:LaLuGaG  were  measured 
using  the  method  of  minimum  deviation,11  in  which  a 
polished  prism  of  Nd3  +  :LaLuGaG  was  fabricated  and 
mounted  on  a  goniometer,  and  monochromatic  light  (in 
this  case,  from  multiline  argon  ion  and  helium  neon 
lasers)  was  passed  through  it.  The  point  of  least 
deflection  is  recorded  as  the  angle  of  minimum  deviation, 
and  the  index  of  refraction  is  calculated  according  to  the 
formula 

n  =sin[(})(a  +  Tjm  )]/sin(}a)  ,  (2) 

where  a  is  the  prism  angle  and  r)m  is  the  angle  of 
minimum  deviation.  The  results  appear  in  Table  111. 

The  accuracy  of  the  refractive  index  calculated  from 
the  data  was  limited  by  the  accuracy  with  which  the  an¬ 
gle  of  minimum  deviation  was  measured,  in  this  case  5" 
of  arc.  Thus  there  existed  an  inherent  error  of  ±0.0025. 
The  actual  average  error  was  ±0.0035. 

These  experimental  data  were  subsequently  fit  to 
Sellmeier’s  dispersion  equation 

/i2U)=1+SA.2/U2-A.£)  .  (3) 


TABLE  II.  LaLuGaG  crystal  composition  in  formula  units. 

Nd34  concentration  in  LaLuGaG 
composition  (at.  %) 


Sample 

Chemical  analysis 

Crystal 

Melt 

Nd  LaLuGaG  boule  (top) 

Nd0  04La2  J2Lu2  57Gaj  070|2.oo 

1.37±0.05 

1  0 

Nd  I  at  iiGnG  hnnle  Ihntlnml 

NHg  n±  j&I  II,  6;Oa;  n70.,  gg 

1  30  +  005 

1  0 

Spectroscopic 
sample  Nd.LaLuGaG 

Nd0  nLa2  |2Lu2  5iGa)  2oOu  oo 

4.3110.17 

3  .3 

Spectroscopic 

Cr0  4La2  ]2Lu2  <,|Ga)  o?0|2  do 

sample  Cr  LaLuGaG 
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TABLE  ill.  Indices  of  refraction  of  NdM:LaLuGaG. 
Sellmeier  coefficients:  /r(A)  =  1  +S\1/(\2  —  Ao);  5=2.3891; 
A0  =  194.46  nm. _ 

Wavelength  (nm) _ "cpcmcnui _ 


632.8 

1.9070 

611.9 

1.9174 

594.1 

1.9221 

543.0 

1.9304 

514.5 

1.9376 

496.5 

1.9537 

488.0 

1.9632 

476.5 

1.9665 

Appropriate  values  of  5  and  X0,  given  in  Table  III,  were 
calculated  from  this  formula  by  averaging  all  the  possible 
values  extracted  from  the  data.  The  index  of  refraction 
of  maximum  fluorescence  in  t he  4/73/2*4^n/2  transition, 
1059  nm,  was  found  to  be  1.8634. 


Wavelength  tnml 

FIG.  1.  Room-temperature  absorption  spectrum  of 
Nd,  +  :LaLuGaG  ( 1.3  at.  %  Nd' 1  ).  The  sample  thickness  is  6.61 
mm. 

E.  Ndi+  absorption  spectra 

The  absorption  spectrum  of  neodymium-doped  LaLu- 
GaG  was  investigated  in  the  range  of  200-6000  nm  at 
room  temperature  and  10  K.  These  data  were  recorded 


TABLE  IV.  Experimental  (E)  and  theoretical  ( T)  (the  crystal-field  parameters  given  in  Table  IX 
were  used  in  the  calculation  of  the  energy  levels)  crystal-field  splittings  of  Ndu  ion  manifolds  in  LaLu- 
(JaG.  _  _ 


State'  Stark-level  positions  (cm'1) 


E 

O 

O 

187,  287,  710 

313 

T 

-6.  103,  191, 

287,  711 

*  / 

1  11/2 

E 

1962,  2003,  2097,  2129,  2347, 

2416 

2177 

T 

1964,  2001,  2097,  2123,  2343. 

2422 

4/ MU 

E 

3899,  3920,  4040,  4059,  4315, 

4338,  4407 

4148 

T 

3901,  3915,  4039,  4051,  4317, 

4337,  4412 

4/,.w 

E 

5783,  5818,  5959,  6009,  6450, 

6481,  6526,  6603 

6190 

T 

5784,  5824,  5963,  6006,  6454, 

6473,  6525,  6588 

*/'./! 

E 

II  417, 

11  534 

1  1517 

T 

11  414, 

11  531 

■//.,  2 

E 

12  402, 

12477, 

12  567,  12  598, 

12  625,  12  659, 

4 

12817, 

12  850 

12  383 

'j'  b 

12  192, 

12  268, 

12  314,  12452, 

12478,  12  581, 

12652 

12  622, 

12  656 

'Eui 

E 

13  375, 

13  462, 

13  582,  13  587, 

45|/j 

13  602, 

13  648 

13501 

T 

13  368, 

13452, 

13  564,  13  586, 

13592 

13  597, 

13  659 

4  /  2 

E 

14  645, 

14717, 

14775,  14  852, 

14  964 

14770 

T 

14652, 

14  723, 

14771,  14  834, 

14952 

E 

15901, 

15  926, 

15991,  16093, 

16  129 

15969 

rs 

15  908, 

1 5  939, 

15961,  15968, 

1601 1,  16054, 

'Gin 

E 

16951, 

17  042, 

17  116,  17  324, 

17  586 

17091 

T 

16963, 

17043, 

17  104,  17  367, 

17353 

17434, 

17  465, 

17  653 

E 

1 8  825, 

18917, 

18935,  19032, 

19361,  19410, 

4fr ?/2 

19469, 

19  599, 

19  650 

2r  ,/2 

E 

23217 

JThe  multiple!  in  Russell-Saundcrs  notation  and  centroids  of  that  multiple!  are  given. 

hExperimental  energy  levels  not  used  in  the  crystal-field  calculations.  The  aqueous  centroids  were  used 

instead. 


Absorption  Coefficient  (cm 
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in  the  ultraviolet,  visible,  and  near  infrared  on  a  Perkin- 
Elmer  Lambda  9  spectrophotometer  with  a  maximum 
resolution  of  0.0!  nm.  A  Perkin-Elmer  983G  infrared 
spectrophotometer  having  an  accuracy  of  0.1  cm-1  was 
used  to  obtain  spectra  beyond  3200  nm. 

A  closed-cycle  refrigerator,  CTI-Cryogenirs  Model  21, 
was  used  to  obtain  spectra  at  10  K.  Sample  temperatures 
were  measured  with  a  silicon  diode  calibrated  to  <  1  K 
below  50  K..  Typical  cooldown  times  were  1  h. 

Figure  1  shows  the  absorption  spectrum  at  room  tem¬ 
perature  of  Nd3f:LaLuGaG  between  300  and  1000  nm 
for  a  0.661-cm-thick  sample  with  a  Nd3  +  concentration 
of  1.45  X  1020  ions/cm3.  This  spectrum  is  very  typical  of 
Nd3  +  in  other  crystalline  hosts,  showing  strong  transi¬ 
tions  from  the  4/9/2  ground-state  multiplet  to  the  2H0/2 
and  *Fi/ 2  (800  nm),  4F7/2  and  4S 3/2  (750  nm),  and  4<j5/2 
and  2g1/2  (590  nm)  states.  The  experimentally  deter¬ 
mined  Stark  levels  of  the  Nd3  +  ions  in  the  dodecahedral 
sites  are  listed  in  Table  IV. 

The  peak  absorption  (emission)  cross  section  for  the 
4F3/2-4/n/2  ( Vj  — »R2)  transition  was  measured.  The 
peak  absorption  cross  section,  given  in  Eq.  (4),  is  equal  to 
the  absorption  coefficient  divided  by  the  lower-level  pop¬ 
ulation 

op(Y2~*R2)  =  ap(Yi-* R2)/N(Y})  .  (4) 

The  absorption  coefficient  for  the  10.13-cm-long 
Nd:LaLuGaG  boule  was  measured  to  be  6.34X10-4 
cm-1.  With  the  Nd3  +  concentration  of  the 
Nd:LaLuGaG  boule  equal  to  1.45X  1020  Nd3  +  ions/cm3 
(determined  by  x-ray  fluorescence),  and  the  partition 
function  equal  to  2.488  (data  taken  from  Table  IV),  the 
population  in  the  Y2  Stark  level  at  2097  cm-1  is 
2.32X1015  Nd3  +  /cm3  at  298  K..  Substitution  of  these 
values  into  Eq.  (4)  yields  a  cross  section  of  2.73 X  10" 19 
cm2.  This  value  is  2.4  and  0.9  times  smaller  than  the 
values  for  Nd:YAG  and  NdiGSGG,  respectively. 12 

F.  Branching  ratios  and  radiative  lifetimes 
of  Nd3  +  :LaLuGaG 

The  branching  ratios  and  the  radiative  lifetimes  of  the 
J  y-,  y ,  y )  were  determined  in  two  in¬ 

dependent  ways.  The  first  method  is  a  direct  application 

i 


of  the  Judd-Ofelt  theory13, 14  and  has  been  used  by  many 
authors.15-17  Data  analysis  was  performed  similar  to 
that  of  Krupke17  and  is  briefly  described  below. 

The  integrated  absorption  coefficient,  f  k(X)dX, 
emanating  from  the  ground  state  |  ( SL)J )  4/9/2  manifold 
to  excited  |  (S'L')J')  manifolds  was  measured  for  1 1  ab¬ 
sorption  bands  in  Fig.  1.  The  integrated  absorption 
coefficient  in  turn  is  relaied  to  the  line  strength  S  by  Eq. 
(5): 1 


f  lc(\)dX  = 


8tt3j V0A.e2 
3c/i(2J  +  l) 


(/i2  +  2)2 
9/i 


(5) 


where  J  is  the  total  angular  momentum  quantum  number 
of  the  initial  level,  X  is  the  mean  wavelength  that  corre¬ 
sponds  to  the  J-J'  transition,  n  is  the  index  of  refraction, 
and  Aq  is  the  N d3+  concentration.  Values  for  n  were 
taken  from  Sellmeier’s  dispersion  equation,  Eq.  (3),  and 
N0  was  1.45 X  1020  ions/cm3.  The  Judd-Ofelt  theory  pre¬ 
dicts  that  the  line  strength  5  may  be  written  in  the  form 

S([SL]J,[S'L']J') 

=  2  n,  |  <4/,,[sLy||t/(,1||4/"[s'L'y,>  | 2 , 

I  =2,4,6 

(6) 


where  (4/"{SF]y(ll/t,,H4/"[S'L’]r )  is  a  reduced- 
matrix  element  of  the  irreducible  tensor  operator  of  rank 
/,  and  H,  are  the  Judd-Ofelt  parameters.  The  numerical 
values  of  the  squares  of  the  reduced-matrix  elements  for 
Nd3+  (aquo)  ions  for  transitions  from  the  ground  state 
were  taken  from  Carnall,  Fields,  and  Rajnak. IS  When 
the  absorption  band  was  a  superposition  of  lines  assigned 
to  several  intermultiplet  transitions,  the  matrix  element 
was  taken  to  be  the  sum  of  the  corresponding  squared 
matrix  elements. 1  A  least-squares  fitting  of  SCilk  to  i’meM 
yields  values  for  fl2  4  6.  Table  V  shows  the  measured  anil 
calculated  line  strengths  for  1 1  absorption  bands.  The 
Judd-Ofelt  parameters  and  the  branching  ratios  are  given 
in  Table  VI. 


TABLE  V.  Measured  and  calculated  line  strengths  of  NdJ  + 

in  LaLuGaG. 

Russell-Saunders 
stale  [S'L'y 

Wavelength 

(nm) 

Index  of  refraction 

n 

Line  strengths 

s 

tncas 

(10  Ju  cur 

*Fm 

882 

1.8738 

0.424 

0.749 

*F  i/2  -f  1  II  :)/2 

807 

1.8805 

2.137 

1  984 

*F,r}+*Sul 

748 

1.8874 

1.741 

1.842 

683 

1.8973 

0.144 

0. 1 3  3 

•’Hr./J 

625 

1.9092 

0  014 

0034 

+  ;G;,J 

587 

1.9193 

1.594 

1.594 

"A  ij/,  +  Oj/2  +■  G9/2 

526 

1.9410 

0.886 

0.898 

A"  15,?  r^G4/, 

479 

1.9648 

0.130 

0. 1 7 6 

‘gM/, 

459 

1.9778 

0.084 

OOI6 

‘1*1/1  t- ' Di/i 

433 

1.9982 

0.041 

0.103 

lF\/i  + 

356 

2.0988 

0.980 

0.789 
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TABLE  VI.  Experimental  and  theoretical  Judd-Ofelt  parameters  and  predicted  branching  ratios  in 
NdJ  +  :LaLuGaG. 


Parameters 

Experimental  value 

Theoretical  value 

Judd-Ofelt 

0.84 X  10“ !0  cm2 

0.31  XIO-20  cm2 

n4 

2.64 X  10-20  cm2 

1.21  XiO'20  cm2 

2.61  XiO-20  cm2 

5.19X10-20  cm2 

4  F 

r  J/2 

Radiative  lifetime 

362  ps,‘  295  /asb 

286  ps 

Branching  ratios 

43.6% 

26.0% 

P(4F»i-*l  u/i> 

47.2% 

59.5% 

fr*Fin-*l  u/2) 

8.8% 

13.8% 

P(*F 3/2‘4f  15/2  ) 

0.4% 

0.7% 

"From  Judd-Ofelt  calculations. 
bFrom  fluorescence  lifetime  experiments. 


The  second  method  of  determining  the  branching  ra¬ 
tios  and  radiative  lifetimes  uses  the  point  charge  model. 
In  these  calculations,  the  Stark-level  positions  of  Nd3  + 
given  in  Table  IV  were  used  along  with  the  free-ion 
Russell-Saunders  [SL]7  states  with  the  free-ion  Hamil¬ 
tonian  containing  the  Coulomb,  spin-orbit,  L2,  G(G2), 
and  GtR-,)  interactions. 19  The  free-ion  parameters 
chosen,  from  Carnall,  Fields,  and  Rajnak, 18  are 
E* 11  =  47  39.3,  E'2'  =23.999,  £'-"  =  485.96,  f  =  884.58, 
at  =  0.S61 1,/?=  —  1 17.15,  and  y=  1321.3  (all  in  cm-1).  In 
the  crystal-field  analysis  we  assume  a  crystal  electric  field 
(CEF)  of  D2  symmetry  of  the  form 

"cv.f=ZKW?,)  .  (7) 

ikq 

where  the  Bkq  are  the  crystal-field  parameters  and  the 
Ckq(?)  are  spherical  tensors  related  to  the  spherical  har¬ 
monics  by 

Ct,l?,)  =  v/4n-/(2A  +\)Ykq(6,,<j>i)  .  (8) 

The  sum  on  i  in  Eq.  (7)  runs  over  the  three  electrons  in 
the  4/  *  configuration  of  NdJ  +  ,  and  the  sum  on  k  (k  even) 
covers  the  range  2-6  with  q  even  and  in  the  range 
—  k  <q  <k.  Since  we  assume  that  the  NdJ+  ions  occupy 
the  dodecahedral  site  with  D2  symmetry,  the  crystal-field 
parameters  can  be  chosen  real;  thus  there  is  a  total  of 
nine  even-k  Bkq.  The  procedure  we  use  in  the  analysis  of 
the  experimental  data  is  to  obtain  the  free-ion  wave  func¬ 
tions  using  the  free-ion  parameters.  We  then  use  these 
free-ion  wave  functions  to  evaluate  the  energy  levels  in  a 
crystal  using  the  Hamiltonian  given  in  Eq.  (7).  The 
crystal-field  parameters  Bkq  are  then  determined  by 
minimizing  the  squared  difference  of  the  calculated  ener¬ 
gies  from  the  experimental  energies.  The  centroids  of 
each  (SEj/  multiple!  are  allowed  to  vary  freely  during 
this  fitting  and  are  considered  experimental  data  in  the 
final  analysis. 

To  obtain  starting  values  of  Bkq  for  our  fitting  of  the 


experimental  energy  levels,  we  use  point-charge  lattice 
sum  Akq.  The  Akq  are  related  to  the  Bkq  by20 

Okq=pkAkq,  (9) 

where 

Pk=r-k<rk)UF( \-ak).  (10) 

r  is  an  ion-dependent  radial  expansion  parameter,20 
are  Hartree-Fock  expectation  values,21  and  ak 
are  shielding  factors. 22  Values  of  pk  for  Ce3+  through 
Yb3+  are  given  by  Morrison  and  Leavitt.23  The  values  of 
Akq  were  calculated  by  a  point-charge  lattice  sum  using 
the  x-ray  data  of  Table  I.  In  performing  the  lattice  sum, 
the  material  is  assumed  to  be  LajLu2Ga30|2,  and  for  the 
starting  parameters  the  charges  on  the  individual  ions  are 
assumed  to  be  the  valence  charges  <7Ia=  3,  q[q  —  i, 
<jGa  =  3,  and  q0=—2  (in  units  of  the  electron  charge). 
Later  Akq  were  calculated  using  an  effective  charge  on 
the  oxygen  site  qn  such  that  qGa  =—5—4q0  and  varying 
q()  to  obtain  the  best  fit  of  calculated  Bkq  to  experimental 
Bkq.  The  resulting  Akq  for  even  k  were  obtained  from 
the  lattice  sums;  the  Bkq  obtained  by  using  Eq.  (9)  are 
given  in  column  3  of  Table  VII.  These  values  of  Bkq  were 
used  in  the  least-squares  fitting  as  starting  parameters. 

The  crystal-field  parameters  that  gave  the  best  fit  to  the 
experimental  data  are  given  in  Table  VII,  as  well  as  the 
point-charge  Bkq  computed  using  q0=  —  1-64  (the  value 
of  the  oxygen  charge  that  gave  the  best  agreement  to  the 
experimental  Bkq  ).  In  this  fitting  a  number  of  experimen¬ 
tal  levels  were  discarded  because  attempts  to  fit  these  lev¬ 
els  were  unsuccessful.  The  odd-k  Akq  (cm'VA1)  using 
<70  =  —  1 .64  were  calculated  and  are  /l,2  =  1520, 
An  =  —  1500,  A  J4  =867,  /i72  =  54.2,  A  74  =  88.(),  and 
A76  =  —  129.  (All  odd-k  A kq  are  imaginary.) 

The  Bkq  of  Table  VII  along  with  the  odd-k  Akq  values 
were  used  to  calculate  the  intensity  of  electric  and  mag¬ 
netic  dipole  transitions  for  the  rare-earth  series.  A  de¬ 
tailed  discussion  of  this  calculation  is  given  by  Leavitt 
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TABLE  VII.  Experimental  and  calculated  crystal-field  pa¬ 
rameters,  Note:  Odd-/c  Akq  (cm-1/A  )  for  ^0=  —  1.64  are 


/tjj  =  1520, 
and  d  =  — 

d5J=  -  1500,  d j4  =  867, 
129. 

dn  =  54.2,  d  74  =  88.0, 

kq 

Best-fit  experimental 
Bk,‘  (cm"') 

Point  charge 
Bk„b  (cm-1) 

20 

879 

843 

22 

206 

338 

40 

-80.4 

68.6 

42 

-1650 

-2370 

44 

-782 

-1087 

60 

-1345 

-1485 

62 

-608 

-732 

64 

629 

736 

66 

-613 

-614 

‘Best-fit  experimental  Bkq  for  all  data;  rms  =  5.658  cm  " '. 
bPoint  charge  fl*,  using  q0=  —  1.64;  rms  =  50.38  cm"1. 


and  Morrison.24  The  resulting  Judd-Ofelt  intensity  pa¬ 
rameters  are  given  in  Table  VI  for  Nd3  +  and  the  other 
rare  earths  in  Table  VIII. 

G.  NdJ  +  :LaLuGaG  fluorescence  and  lifetime  measurements 

The  fluorescence  spectrum  of  Nd3  +  :LaLuGaG  was 
recorded  with  a  Spex  F222  spectrometer.  Figures  2  and  3 
show  the  fluorescence  spectrum  in  the  region  of  the 
^3/2‘4^ll/2  and  AFin-*I9/2  transitions.  The  fluorescence 
lifetime  and  time-resolved,  site-selection  spectroscopy 
measurements  were  made  using  a  nitrogen  laser-pumped 
tunable  dye  laser  with  rhodamine  6G  for  the  excitation 
source.  This  provided  pulses  of  about  10  ns  in  duration 
and  less  than  0.04  nm  half-width.  The  4.3  at.  %  Nd3  + 
sample  was  mounted  in  a  cryogenic  refrigerator  with 
temperature  variable  between  10  and  300  K.  The  fluores¬ 
cence  was  analyzed  by  a  1-m  monochromator,  detected 
by  a  cooled  RCA  C31034  photomultiplier  tube,  processed 
by  an  EGG-PAR  boxcar  integrator  triggered  by  the 
laser,  and  displayed  on  an  x-y  recorder. 

The  fluorescence  lifetime  of  Nd3+  in  LaLuGaG  after 


TABLE  VIII.  Calculated  Judd-Ofelt  (JO)  intensity  parame¬ 


ters  (lu  of  rare-earth  ions  in  the  La  site  of  La)Lu;Ga}Ou 


Ion 

JO 

n. 

intensity  parameters  ( 10  iu 

cm2) 

n* 

Ce 

0.5872 

3.734 

22.17 

Pr 

0.3286 

1.884 

9.449 

Nd 

0.3167 

1.206 

5.186 

Pm 

0.1833 

0.9318 

3.986 

Sm 

0  1599 

0.7902 

3.300 

Eu 

0.1265 

0.6060 

2.333 

Gd 

0,0990 

0.4588 

1.610 

Tb 

0.1729 

0.8314 

3.913 

Dy 

0.1271 

0.5830 

2.428 

Ho 

0.1038 

0.4601 

1.772 

Er 

00995 

0.4352 

1.67! 

Tm 

00968 

0  4190 

1.615 

Yb 

00817 

0.3417 

1.230 

Wavelength  (nm) 

FIG.  2.  Fluorescence  of  Nd1+:LaLuGaG  at  room  tempera¬ 
ture  in  the  region  of  the  *Fin-*Iun. 


lower  power  dye  laser  excitation  varies  from  290  /ts  at  1 1 
K  to  205  /j.s  at  room  temperature,  as  shown  in  Fig.  4. 
The  solid  line  in  Fig.  4  represents  the  best  fit  to  the  data 
using  an  expression  of  the  form 


t{  =  r;  +C\ exp[AE/(ka  T)]—  1 


- 1 


(II) 


where  Ty  and  rr  are  the  fluorescence  and  radiative  life¬ 
times,  respectively.  The  last  term  describes  the  quench¬ 
ing  of  the  lifetime  due  to  radiationless  processes  involving 
the  absorption  of  phonons  of  energy  A£.  C  is  a  constant 
containing  the  matrix  element  for  these  transitions.  The 
values  obtained  from  fitting  Eq.  (11)  to  the  experimental 
data  are  listed  in  Table  IX.  Several  types  of  processes 
can  lead  to  this  type  of  lifetime  quenching  and  will  be  dis¬ 
cussed  in  Sec.  II I. 

II.  Laser  gain  measurements 

The  laser-pumped,  single-pass  gain  measurements  us¬ 
ing  the  frequency-doubled  output  of  a  mode-locked  Nd- 
YAG  laser  as  the  pump  source  were  performed  at  Ok¬ 
lahoma  State  University.  This  provided  a  25-ps  excita¬ 
tion  pulse  with  a  few  millijoules  of  energy  at  532  nm. 


FIG  3.  Fluorescence  of  NdJ '  LaLuGaG  at  room  tempera- 
ture  in  the  region  of  the  A ^n- 
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f-IO.  4.  Temperature  dependence  of  the  fluorescence  lifetime 
of  the  4 mclastable  stale  of  Nd* 1  :LaLuGaG.  (See  text  for 
explanation  of  the  theoretical  line.) 


I  lte  probe  beam  was  the  collimated  output  of  a  xenon 
lamp  passed  through  a  0.5-m  monochromator.  The 
change  in  the  probe  beam  transmission  through  the  sam¬ 
ple  under  pumped  conditions  was  monitored  using  a 
0.25-m  monochromator  and  photomultiplier  tube  with 
the  output  photographed  on  a  storage  scope.  Multipho¬ 
ton  excitation  studies  were  made  using  the  same  laser  for 
excitation,  and  the  fluorescence  emission  was  monitored 
with  a  0.25-m  monochromator  with  an  EGG-PAR  silicon 
array  detector  and  optical  multichannel  analyzer  (OMA) 
combination.  Fluorescence  lifetimes  under  these  excita¬ 
tion  conditions  were  again  measured  with  the  boxcar  in¬ 
tegrator. 

The  attempt  to  observe  single-pass  gain  was  made  with 
the  probe  beam  tuned  to  the  emission  peak  at  1059  nm 
while  the  pump  beam  at  532  nm  was  in  resonance  with 
one  of  the  strong  absorption  transitions.  Although  these 
experimental  conditions  resulted  in  easily  observable  gain 
for  several  different  types  of  Nd-doped  crystal  and  glass 


TABLE  IX.  Summary  of  results. 
Parameter^ _ Value 


Fluorescence  lifetime 


t(  'rul  no  K) 

290  /is 

Tj  4F(/!  (300  K) 

205  /is 

t,  -’/V;  (300  K) 

0.32  i 

t,  2(  F2),/2  (300  K) 

2.52  i 

Fluorescence  rise  lime 

r„  !PU2  (300  K) 

317  ns 

r„  7(F2),/2  (300  K) 

200  ns 

Radiative  lifetime 

r,  *F-/: 

295  us 

Energy  transfer 

C 

1538  /is 

A£ 

30  cm 

nr  (100  K) 

392  /is 

AF, 

29  cm 

materials,  no  gain  was  observed  for  the  4.3  at.  % 
NaJ+:LaLuGaG  sample  at  room  temperature.  Since  the 
optical  quality  (and  thus  the  scattering  losses  per  pass) 
was  approximately  the  same  for  each  of  the  samples  in¬ 
vestigated,  the  lack  of  optical  gain  indicates  the  presence 
of  some  type  of  loss  process  occurring  for  Nd1  h  in  the 
LaLuGaG  host. 

Direct  lasing  of  two  NdtLaLuGaG  samples  was  at¬ 
tempted  at  the  Center  for  Night  Vision  and  Electro- 
Optics.  Two  experiments  were  performed  with  different 
wavelengths  of  excitation  and  different  pumping 
geometries.  A  laser  diode  array  capable  of  producing  80 
mJ  per  pulse  at  20  Hz  was  used  as  a  pump  at  808  nm  in  a 
side-pump  geometry.  Typical  outputs  for  NdtYAG  using 
this  scheme  are  25  mJ.25  When  a  NdtLaLuGaG  sample 
was  inserted  in  the  resonator,  no  lasing  was  detected  at 
1059  nm.  End-pumping  of  the  same  crystal  was  also  at¬ 
tempted  with  a  Coherent  699-29  ring  dye  laser  producing 
1.3  W  with  rhodamine  6G.  Lasing  was  again  not  detect¬ 
ed  at  1059  nm.  A  focused  dye  laser  beam  at  595  nm  pro¬ 
duced  an  intense  purple  fluorescence  at  the  focal  point. 
This  is  indicative  of  two-photon  absorption  to  higher  ly¬ 
ing  levels,  which  prevents  lasing  in  this  material.  This  is 
consistent  with  the  experimental  results  shown  in  Sec. 
II I. 


I.  Multiplioton  excitation  measurements 

For  low  excitation  powers,  the  fluorescence  emission 
originates  from  the  4F3/2  metastable  state  at  wavelengths 
longer  than  850  nm.  After  high-power  picosecond  pulse 
pumping,  fluorescence  emission  extends  throughout  the 
visible  region  of  the  spectrum  to  about  800  nm,  as  shown 
in  Fig.  5.  This  demonstrates  the  presence  of  multiphoton 
excitation  processes  and  subsequent  emission  from  higher 
energy  metastable  states.  The  spectral  dynamics  occur¬ 
ring  under  these  pumping  conditions  have  been  studied 
for  NdJ+  in  YAG,  Y3Ga5012  (YGG),  and  lithium  silicate 
glass. 26,27  The  transitions  have  been  shown  to  originate 
on  the  2F3/2  and  2FW2  metastable  states  with  lifetimes  of 
about  0.3  and  3.0  /is,  respectively.  The  fluorescence  lines 
shown  in  Fig.  5  can  be  divided  into  one  set  having  a  life¬ 
time  of  0.3  /is  and  another  set  having  a  lifetime  of  2.5  /is. 
In  comparison  to  the  previous  results,  we  assign  these 
transitions  to  lines  originating  on  the  2F3/2  and  2(F2)5/2, 
respectively. 

One  important  difference  between  the  results  obtained 
on  Nd3  +  :LaLuGaG  and  those  obtained  on  other  hosts  is 
that  strong  emission  from  the  4F3/2  level  was  observed 
for  the  other  samples  under  these  pumping  conditions26-27 
but  not  for  LaLuGaG.  This  implies  that  multiplioton  ex¬ 
citation  transitions  lead  to  relaxation  channels  that 
bypass  the  4F3/2  metastable  state  and  thus  act  as  a  loss 
mechanism  for  pumping  the  4F3/2-4/|1/2  laser  transition. 
The  multiphoton  processes  in  the  other  hosts  have  been 
shown  to  be  sequential  two-photon  excitation  processes 
(STEP’S)  involving  a  real  intermediate  state,27  and  we  as¬ 
sume  that  the  same  mechanism  is  active  in  LaLuGaG. 
The  effects  of  the  STEP  mechanism  appear  to  be  stronger 
in  the  LaLuGaG  sample  than  in  the  other  hosts.  One  im¬ 
portant  spectral  difference  that  may  account  for  this  is 
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FIG.  5.  Fluorescence  of  Nd1+ LaLuGaG  at  room  tempera¬ 
ture  after  pumping  at  532  nm  with  a  25-ps  laser  pulse. 


that  the  532-nm  pump  wavelength  is  almost  exactly  in 
resonance  with  an  absorption  transition  in  LaLuGaG, 
whereas  for  the  other  hosts  investigated  this  wavelength 
is  on  the  wing  of  the  absorption  band. 

J.  Energy  transfer  measurements 

Dye  laser,  time-resolved  spectroscopy  techniques  were 
used  to  investigate  the  characteristics  of  energy  transfer 
between  Ndi+  ions  in  nonequivalent  crystal-field  sites  in 
the  region  from  560  to  600  nm.  The  fluorescence  in  the 
880-nm  spectral  region  was  monitored  in  this  investiga¬ 
tion  and  is  shown  in  Fig.  6  for  two  temperatures.  At  11 
K.  these  transitions  are  associated  with  emission  from  the 
*F 3/2  metastable  state  lo  the  various  Slark  components  of 
the  V,)/2  ground-state  manifold.  At  room  temperature, 
emission  from  higher  excited  slates  is  present  and  the 
transitions  broaden  because  of  both  electron-phonon  in¬ 
teractions  and  energy  transfer  to  ions  in  spectrally  ine¬ 
quivalent  sites. 


Wavelength  Inm) 

MG.  6.  Fluorescence  of  Nil* v  LaLuGaG  at  two  tempera¬ 
tures  in  the  region  of  the  4  F \/2-4 1 1,2  transition  after  pumping 
near  589  nm  with  a  10-ns  laser  pulse. 


Microscopic  strains  produce  slightly  .different  crystal 
fields  at  the  site  of  each  NdJ+  ion  in  the  lattice,  resulting 
in  inhomogeneous  broadening  of  the  spectral  lines.  In 
addition,  Nd3+  ions  occupying  sites  having  significantly 
different  crystal-field  environments  produce  transitions 
that  are  easily  resolvable  in  the  optical  spectra.  Ions  in  a 
specific  type  of  site  can  be  selectively  excited  by  tuning 
the  dye  laser  into  resonance  with  one  of  the  absorption 
transitions  associated  with  these  ions.  The  results  of  do¬ 
ing  this  are  shown  in  Fig.  7.  As  the  excitation  wave¬ 
length  is  tuned  over  0.41  nm,  the  maximum  emission  of 
this  transition  shifts  from  peak  a  to  peak  6,  indicating  a 
change  in  the  type  of  ion  being  excited.  Note  that  the  en¬ 
ergy  separation  of  the  transitions  originating  from  the 
ions  in  these  two  types  of  sites  is  A£s  =  29  cm'  '. 

In  order  to  study  the  energy  transfer  between  NdJ  + 
ions  in  these  two  major  types  of  sites,  the  time  evolution 
of  the  relative  fluorescence  intensities  of  peaks  a  and  b 
was  monitored  as  a  function  of  time  after  the  excitation 
pulse  for  both  excitation  wavelengths.  These  time- 
resolved  measurements  were  carried  out  at  several  tem¬ 
peratures  between  11  and  100  K,  above  which  the 
thermal  broadening  of  the  lines  prevented  the  spectral 
resolution  necessary  for  accurate  measurements.  In  this 
temperature  range,  no  variation  was  observed  in  the  ra¬ 
tios  of  the  intensities  of  peaks  a  and  b  as  a  function  of 
time.  This  indicates  that  energy  transfer  between  Nd'1 
ions  in  these  two  different  types  of  sites  is  a  very  weak 


Wavelength  Inm) 

FIG.  7.  Fluorescence  of  Nd3 1  LaLuGaG  at  1 1  K  hi  the  re¬ 
gion  of  one  of  the  4FU2-4t*/2  transitions  for  two  dilferenl  excita¬ 
tion  wavelengths. 
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FIG.  8.  Fluorescence  of  Nd'  *  :LaLuGaG  at  100  K  in  the  875 
run  spectral  region  at  two  different  times  after  the  excitation 
pulse. 


ptoccss.  However,  the  similarity  of  the  activation  energy 
for  thermal  quenching  of  the  fluorescence  lifetime  and 
the  energy  difference  between  peaks  a  and  b  may  indicate 
that  at  higher  temperatures  energy  transfer  between  ions 
in  these  two  major  types  of  sites  does  occur  and  results  in 
the  quenching  of  the  decay  time. 

Even  though  energy  transfer  between  ions  in  the  two 
major  types  of  sites  is  negligible  at  low  temperatures, 
time-resolved  spectroscopy  measurements  do  reveal  spec¬ 
tral  energy  transfer  across  an  inhomogeneously 
broadened  line.  An  example  of  this  is  shown  in  Fig.  8 
where  the  shape  of  fluorescence  transition  a  is  shown  for 
two  times  after  the  laser  pufse  at  100  K.  A  distinct  high- 
energy  shoulder  appears  on  this  line  at  short  times  and 
disappears  at  long  limes.  This  can  be  attributed  to  the 
presence  of  energy  transfer  between  Nd3  +  ions  in  type  a 
sites  with  differences  in  transition  energies  due  to  local 
perturbations  of  their  surrounding  crystal  fields.  This 
type  of  energy  transfer  can  be  treated  quantitatively  in 
the  formalism  developed  for  analyzing  spectral  energy 
transfer  in  doped  glasses.28  In  this  model,  the  time  evolu¬ 
tion  of  the  fluorescence  intensity  at  frequency  co  is  ex¬ 
pressed  as 

7(w,f)  =  a(/)/(w,0)  +  [l  —  a  (/)]/ (oj,  a> )  ,  (12) 

where  ail)  is  the  function  describing  the  energy  transfer. 
This  can  be  integrated  to  give 


FIG.  9.  Time  dependence  of  the  energy-transfer  function 
ait)  at  1 00  K  obtained  from  Eq.  (13)  by  monitoring  the  time 
evolution  of  the  shape  of  the  fluorescence  band  at  875  nm. 


a(t)=  f  [I(co,t)  —  7(o>,  oo  )]d<o 

x  ID"0-01  —  H(o,  co  )]da) 


(13) 


The  results  of  this  analysis  at  100  K.  are  plotted  in  Fig.  9. 
The  energy  transfer  function  decreases  exponentially  with 
time,  having  a  characteristic  time  constant  of  a  — 3 92  ps. 
The  energy  transfer  parameters  are  summarized  in  Table 
IX. 


III.  SUMMARY  AND  CONCLUSIONS 

The  lifetime  results  summarized  in  Table  IX  indicate 
that  Nd3  +  ions  in  LaLuGaG  have  a  quantum  efficiency 
near  98%,  which  is  significantly  higher  than  that  for 
Nd:YAG  crystals  with  this  doping  concentration.1  In 
addition,  the  rate  of  energy  transfer  between  ions  in  the 
two  major  types  of  nonequivalent  crystal-field  sites  is 
much  smaller  than  in  the  YAG  host.29  Since  the  quan¬ 
tum  efficiency  of  *F J/2  fluorescence  in  NdJ  +  -doped  ma¬ 
terials  is  generally  attributed  to  cross-relaxation  processes 
between  neighboring  NdJ+  ions  which  can  be  enhanced 
by  energy  migration  among  the  Nd3  +  ions,  these  results 
are  indicative  of  weak  ion-ion  interaction  processes  in  the 
LaLuGaG  host.  This  observation  is  consistent  with  the 
increased  ion-ion  separation  in  the  LaLuGaG  crystal. 

The  origin  of  the  two  major  types  of  nonequivalent 
crystal-field  sites  in  LaLuGaG  has  not  been  identified. 
However,  in  comparison  with  the  results  of  previous 
site-selection  spectroscopy  investigations  of  mixed  garnet 
crystals, 3,29  it  is  reasonable  to  assume  that  the  different 
sites  are  associated  with  different  lutetium  environments 
around  the  Nd3+  ions.  In  the  YAG  host,  the  energy 
transfer  between  ions  in  the  different  types  of  sites  has 
been  attributed  to  a  two-phonon  assisted  process  with  a 
real  intermediate  state.26,27  >  This  leads  to  an  activation 
energy  associated  with  the  energy  level  splitting  of  the 
lowest  two  ground-state  Stark  components  which  is 
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significantly  greater  than  the  measured  activation  energy 
in  the  Nd34  :LaLuGaG  crystal.  This  implies  the  presence 
of  different  types  of  energy  transfer  mechanisms  in  the 
two  types  of  hosts. 

The  point-charge  calculation  of  the  odd-fold  crystal 
fields  (k=odd  Akq)  was  used  to  calculate  the  Judd-Ofelt 
intensity  parameters,  Slk,  for  all  the  rare-earth  experi¬ 
mental  values.  For  Nd)4:LaLuGaG  the  radiative  life¬ 
time  of  the  *F J/2  level  was  calculated  and  compares 
favorably  with  experiment.  The  branching  ratios  from  a 
line-to-line  intensity  calculation  for  the  4F)/2  to  *Ij  mani¬ 
fold  were  determined.  The  agreement  of  the  crystal-field 
calculations  with  the  experimental  data  was  excellent  for 
the  and  4F2  multiplcts  as  well  as  the  l51/2  and  4g5/2 
energy  levels. 

The  ability  to  incorporate  high  concentrations  of  Nd3  + 
in  the  lattice  without  degrading  the  optical  quality  and 
maintaining  a  high  level  of  quantum  efficiency  would 


make  LaLuGaG  an  attractive  host  for  a  Nd3 1  laser  ma¬ 
terial.  However,  the  inability  to  observe  lasing  under 
pumping  conditions  producing  gain  in  other  Nd-doped 
materials,  due  to  the  presence  of  strong  multiphoton 
transitions  in  this  host,  reduces  the  potential  of 
Nd3+:LaLuGaG  as  a  replacement  for  Nd3 1  :YAG  or 
Nd3  +  :Cr3  4  :GSGG  as  an  efficient  l-/tm  laser. 
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A  detailed  spectroscopic  and  pump  wavelength  dependent  laser  study  has  been  performed  on 
Nd1  f  ions  in  Ba2MgGe,07.  Site-selection  spectroscopy  experiments  reveal  fifteen  distinct 
•  crystal  field  sites  for  the  Nd3  +  ions.  At  room  temperature,  excitation  of  ions  in  any  one  of 

these  sites  is  followed  by  efficient,  thermally  activated  energy  transfer  to  ions  in  a  site  having  a 
laser  emission  transition  at  1054  nm.  Laser-pumped  laser  experiments  were  performed  to 
determine  the  pumping  threshold  and  slope  efficiency  of  laser  action  in  this  material  for 
different  monochromatic  pump  wavelengths.  The  measured  slope  efficiencies  were  found  to  be 
pump  wavelength  dependent  and  ranged  from  6%  to  22%.  Excited-state  absorption  of  pump 
I  photons  was  shown  to  be  responsible  for  this  variation  in  the  slope  efficiency. 


I.  INTRODUCTION 

The  development  of  high  power  GaAlAs  laser  diodes 
lias  renewed  the  interest  in  rare-earth  doped  solid-state 
hosts.  For  Nd3  +  doped  materials,  diode  excitation  at  800 
nm  has  been  shown  to  be  more  efficient  than  flashlamp 
pumping  in  generating  0.9,  1.0,  and  1.3  /rm  lasers.  In  addi¬ 
tion,  monochromatic  pumping  in  the  near-infrared  has  pro¬ 
duced  visible  (upconversion)  emission  and  new  laser  wave¬ 
lengths.  Therefore,  it  is  worthwhile  reinvestigating  materials 
that  do  not  possess  superior  flashlamp-pump  characteristics 
but  can  be  reconsidered  as  materials  for  diode  pumping.  We 
have  chosen  to  study  one  such  material 
Ba2  MgGe2  07  :Nd3  6 ,  which  has  many  attractive  features. 

Ba2  MgGe207  :Nd3  +  (NdiBMAG)  was  first  studied  in 
the  late  1960’sand  early  1970’s  as  a  flashlamp-pumped  laser 
material. 13  The  host  crystal  possesses  the  Akermanite  crys¬ 
tal  structure  with  space  group  F42l  m  (tetragonal)4  and  is  a 
subset  of  the  melilite  series  of  minerals.  The  Nd3  +  ions  are 
believed  to  occupy  the  Ba2  +  site  ( C ,  symmetry )  and  charge 
compensation  is  provided  by  interstitial  anions,  cation  va¬ 
cancies  and  monovalent  ions^such  as  K  +  or  Na  +  .  When 
doped  with  Nd3+  this  crystal  exhibits  inhomogeneously 
broadened  absorption  and  fluorescence  spectra.  The  room- 
temperature  fluorescence  lifetime  of  450  /rs  for  the  *F}/1 
metastable  state'  and  the  high  thermal  conductivity  of  the 
crystal  compared  to  a  glass  make  NdiBMAG  an  attractive 
material  for  a  diode-array  pumped  laser  system.  Spectro¬ 
scopic  measurements  have  recently  been  reported  on  a  simi¬ 
lar  material  Ba2ZnGe207:Nd3  4.5 

We  present  here  the  results  of  time-resolved,  site-selec¬ 
tion  spectroscopy  experiments  on  Ba,  MgGe2  O,  :Nd3  h . 
The  results  provide  information  on  the  electronic  transition 
wavelengths  of  Nd3  *  ions  in  different  crystal  field  sites  and 
on  the  energy  transfer  between  ions  in  these  sites.  In  addi- 
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tion,  the  characteristics  of  laser-pumped  laser  operation  of 
this  material  are  reported.  All  of  these  results  are  relevant  to 
understanding  the  dynamics  involved  in  monochromatic 
pumping  of  this  material. 

II.  ABSORPTION  AND  SITE-SELECTION 
SPECTROSCOPY 

The  crystal  used  in  this  study  was  grown  by  Linz  using 
the  top-seeded-solution  growth  technique.6  The  sample  was 
obtained  from  the  same  growth  runs  as  those  used  for  the 
previous  studies  of  this  material.1'3  The  size  of  the  sample 
was  0.56X0.83X  102  cm3  with  the  long  dimension  parallel 
to  the  c-axis  of  the  crystal.  The  absorption  spectra  were  re¬ 
corded  with  a  Perkin-Elmer  Lambda  9  spectrophotometer 
equipped  with  a  polarizing  attachment.  Figure  1  shows  the 
polarized  absorption  spectrum  of  Nd:BMAG  between  300 
and  1000  nm  at  room  temperature  with  the  Fresnel  losses 
removed.  The  two  salient  features  of  the  spectra  are  that  at 
most  wavelengths  the  absorption  coefficient  for  Eic  is 
greater  than  E  ||c,  and  the  sample  exhibits  broad  absorption 
features  for  the  manifold-to-manifold  transitions.  The  large 
inhomogeneous  broadening  is  primarily  caused  by  the  vari¬ 
ation  of  the  crystal  field  around  the  rare-earth  ions  due  to  the 
mismatch  in  electronic  charges  between  Nd3'*-  and  Ba2  4  .  In 
addition  to  known  Nd3  +  absorption  transitions,  a  broad  ab¬ 
sorption  band  from  320  to  420  nm  has  been  detected  and 
could  be  attributable  to  a  germinate  complex. 

Fluorescence,  excitation,  and  site-selection  spectrosco¬ 
py  measurements  were  performed  using  a  i.loleclron  nitro¬ 
gen  laser-pumped  dye  laser  that  provided  excitation  pulses 
of  10  ns  duration,  0.5  A  bandwidth,  and  energy  of  1(X) 
mJ/pulse.  The  dyes  used  were  Coumarin  440  with  output 
tunable  from  420  to  465  nm  for  excitation  into  the  2P,/2 
manifold,  and  Rhodamine  590  with  output  tunable  from  560 
to  630  nm  for  excitation  into  the  4<7V2  and  2G7/,  manifolds. 
The  sample  was  mounted  in  a  cryogenic  refrigerator  capable 
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FIG  I  Absorption  spectra  of  Nil'  ’  in  BMAG  at  room  temperature  with 
(a)  liic  and  (h)  £,'||e  polarizations. 


of  reaching  temperatures  as  low  as  10  K  and  oriented  such 
that  the  laser  pump  pulses  propagated  along  the  c-axis.  The 
unpolarized  fluorescence  was  monitored  perpendicular  to 
the  pump  beam  and  focused  on  the  entrance  slit  of  a  Spex  1 
meter  monochrometer.  A  filter  \was  used  to  attenuate  the 
scattered  pump  laser  light.  It  is  well  known  that  strong  flu¬ 
orescence  from  Nd'  4  ions  in  solids  occurs  in  the  near-in¬ 
frared  region  and  corresponds  to  transitions  from  the  *F}/2 
manifold  to  the  lower  energy  V  manifolds.  This  fluores¬ 
cence  signal  was  detected  with  a  liquid  nitrogen  cooled  RCA 
7102  photomultiplier  tutje  and  processed  by  a  boxcar  inte¬ 
grator.  The  output  of  the  boxcar  was  recorded  on  a  strip 
chart  recorder. 

The  room-temperature  energy  levels  of  NdJ  *■  in 
HMAG  were  determined  from  absorption  and  fluorescence 
spectra  and  are  listed  in  Table  I.  The  full  width  at  half  maxi¬ 
mum  (FWI1M)  was  estimated  from  constructed  Gaussian 
fits  to  the  absorption  and  fluorescence  bands.  Reported  ab¬ 
sorption  coefficients,  aa,  are  those  measured  at  the  band 
maxima  No  attempt  was  made  to  separate  hot  band  transi¬ 
tions  or  to  deconvolve  the  multisite  contributions  when  de¬ 
termining  the  energy  levels. 

Figure  2  shows  the  excitation  spectrum  of  the  near-in¬ 
frared  emission  of  Nd:BMAG  from  429  to  437  nm  at  10  K. 
T  he  spectrum  has  been  corrected  for  the  filter  response  but 
not  for  the  dye  laser  intensity.  The  peaks  observed  in  this 


TAULE  I.  Room 

-temperature  energy  level  parameters  of  Nd 

1’  1  UMAG 

Stark 

manifold 

Peak 
(cm  ') 

cta 

(cm  ') 

FWIIM 

(cm  '  ') 

30  377 

0  543 

737 

*  / 

1 11/2 

* D„i 

28  514 

0.790 

342 

40v, 

27  964 

0.884 

422 

*  / 

*11/2 

D\/2 

27  405 

0.477 

286 

!i'wl 

26  788 

0.424 

108 

26  504 

0  411 

112 

26  1 10 

0.411 

212 

25  826 

0.399 

147 

‘Aa 

23  776 

0.337 

266 

JA,i 

23  218 

0.354 

129 

23  010 

0.366 

243 

*Gun 

22  026 

0.333 

Ml 

21  763 

0.358 

142 

21  622 

0.358 

164 

‘o,/2 

21  182 

0382 

216 

4G,/2 

20  995 

0  395 

185 

’ G 

19  569 

0.613 

84 

19  478 

0.691 

83 

19  353 

0.625 

86 

4gv! 

1 9  030 

1.020 

145 

18  868 

0.687 

78 

18  761 

0.629 

92 

4Gs/2 

17  501 

1.200 

75 

2  ^7/2 

17  483 

0  851 

83 

17  209 

1.300 

92 

17  103 

1.440 

73 

17  030 

1.68 

58 

16  972 

1.52 

55 

16  846 

1.09 

105 

16711 

0  80 

87 

*//.■/! 

16271 

0.321 

50 

16  171 

0.329 

78 

16  067 

0.321 

57 

15  946 

0.313 

84 

*F 

~<>/2 

14  550 

0.387 

188 

14  409 

0.370 

73 

14  296 

0.366 

135 

'Fn 

13  567 

1.380 

50 

*S\/i 

13  460 

1.200 

73 

13  382 

1.470 

59 

13  289 

1  130 

62 

13  154 

0  559 

73 

12  750 

0.382 

44 

12  679 

0.485 

40 

12  553 

0.929 

35 

12  505 

1.170 

39 

12  429 

2.040 

42 

12  334 

0  880 

52 

12  252 

0.621 

50 

*F 

•  V2 

11  533 

0  572 

52 

1 1  399 

1.070 

49 

1 1  307 

0  588 

47 

1.  >1 

0  428 

84 

1 1  046 

0  325 

68 

v 

1  1  V2 

6242 

0  169 

..4 

6156 

0  1  54 

47 

6062 

0  156 

69 

5961 

0.154 

48 

1  1  1/2 

4359 

0  160 

35 

4278 

0  177 

51 

4225 

0  193 

34 

4170 

0  284 

77 

4102 

0.251 

27 
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TABLE  1.  ( continued ) 


Stark 

manifold 

Peak 
(cm  ') 

(cm  ') 

FWliM 

(cm'1) 

4057 

0280 

35 

4017 

0.226 

38 

V„,i 

2176 

67 

2093 

74 

2029 

76 

1933 

47 

*/«, 

683 

78 

3c4 

tot 

235 

97 

102 

96 

0 

70 

excitation  range  correspond  to  absorption  transitions  to  the 
2PW2  manifold  of  NdJ  +  .7  Since  this  energy  level  consists  of  a 
single  Stark  component,  each  peak  observed  in  Fig.  2  is  asso¬ 
ciated  with  a  transition  to  the  2PW2  level  for  Ndi+  ions  in 
different  crystal  field  sites  of  BMAG.  The  excitation  spec¬ 
trum  was  observed  to  be  comprised  of  four  groups  of  lines 
that  were  well  separated  in  wavelength.  These  major  site 
categories,  labeled  with  a  letter  in  Fig.  2,  were  composed  of 
■‘subsites"  which  were  numbered  with  ascending  integers 
indicating  descending  energy.  In  total,  fifteen  individual 
sites  were  identified.  While  a  direct  correlation  is  not  possi¬ 
ble  with  the  available  data,  the  major  sites  appear  to  be  dif¬ 
ferent  crystal  field  centers  associated  with  the  different  types 
of  charge  compensation  for  the  NdJ  *■  in  Ba2  +  positions.8 
Thesubsites  having  thesame  letter  designation  ( i.e.,  A I ,  A2, 
A3,  ...)  are  thought  to  be  distinguished  by  perturbations  in 
the  local  crystal  field  due  to  lattice  defects."  The  intensity  of 
an  excitation  peak  depends  on  the  absorption  coefficient  at 
the  excitation  wavelength,  the  emission  cross  sections  for  the 
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FIG  2  f'  wil.jnon  sptxiruin  ofihe  ncar-mlrjred  emission  for  NiJ.  HMAG  aC 
10  K  for  irunsitions  terminating  on  the  ,  energy  level. 


transitions  of  the  ions  in  that  particular  site,  and  the  dye 
response  at  the  pump  wavelength.  In  the  excitation  region 
covered  in  Fig.  2,  the  dye  laser  response  is  essentially  flat  and 
site  A2  is  the  strongest  emitter,  followed  closely  by  sites  D5 
and  C4. 

With  the  transitions  for  the  sites  identified  in  the  iPw2 
excitation  spectrum,  it  was  possible  to  selectively  excite  ions 
in  individual  sites  and  observe  the  fluorescence  emitted.  Fig¬ 
ure  3  shows  the  *^i/1  — '  1/2  fluorescence  spectra  at  10  K 

associated  with  pumping  the  2PWi  level  of  sites  A2,  C4,  and 
D5.  Time-resolved  studies  showed  that  energy  transfer 
between  sites  was  negligible  at  10  K  and  the  fluorescence 
observed  is  solely  due  to  ions  in  the  site  pumped.  The  short¬ 
est  wavelength  peaks  of  the  different  sites  are  the  highest 
intensity  transitions  and  are  the  common  laser  transitions 
for  Nd1  +  ions.  These  transitions  appear  at  distinctly  differ¬ 
ent  wavelengths  for  ions  in  the  different  major  sites.  A  rough 
ruleof  thumbis  1050, 1060,  1070, and  1080  nm  for  sites  A,  B, 
C,  and  D,  respectively. 

Optically  pumping  the  different  excitation  peaks  in  the 
2P[/2  spectral  region  leads  to  the  identification  of  many  of 
the  Stark  levels  of  the  *Fi/2, 4/n/2,  a°d  4/9/2  manifolds  for 
the  fifteen  sites  of  Nd:BMAG.  Similar  measurements  were 
made  pumping  into  the  4G5/2  +  2Gin  manifold.  The  results 
of  the  spectroscopic  energy  level  identification  for  the  sites  of 
Nd:BMAG  at  10  K  are  presented  in  Fig.  4.  Only  those  ener¬ 
gy  levels  that  could  be  unambiguously  identified  are  shown 
in  the  figure.  The  energies  of  the  levels  generally  decrease 
from  sites  A  to  D. 

III.  ENERGY  TRANSFER 

Energy  transfer  between  the  different  crystal  field  sites 
in  Nd:BMAG  was  predicted  from  the  appearance  of  the 
room-temperature  fluorescence  spectrum.  It  was  found  that 
excitation  of  any  one  of  the  crystal  field  sites  at  room  tem¬ 
perature  produced  the  same  fluorescence  spectrum  which  is 
shown  in  Fig.  5.  The  fluorescence  bands  observed  in  this 


FIG.  j  Fluorescence  Itoin  I  lie  level  lei  level  lor  urns  in  ilillcrcnt 
sues  Jt  10  K. 
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FIG  4  Partial  energy  level  diagram  for  the  different  crystal  field  sites  in 
Nd  BMAO  at  10  K.  Site  labels  appear  on  the  bottom. 


spectrum  are  indicative  of  transitions  from  ions  in  the  A  type 
sites,  implying  that  energy  is  completely  transferred  to  these 
ions  at  room  temperature.  The  energy  transfer  was  investi¬ 
gated  by  selectively  exciting  the  1Pw-l  level  of  Nd3  +  ions  in  a 
particular  site  and  monitoring  the  fluorescence  in  the 
*Fy/i  —  4/m/j  transition  region  from  all  other  sites. 

Sites  D5  and  C4  were  selectively  excited  at  various  tem¬ 
peratures  and  the  fluorescence  spectra  recorded  are  shown 
in  Figs.  6(a)  and  6(b).  The  peak  at  1078  nm  in  Fig.  6(a)  is 
associated  with  emission  from  ions  in  site  D5  while  the  peak 
at  1054  nm  is  associated  with  site  A2.  These  peaks  corre- 
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FIG  5.  Fluorescence  at  room  temperature  of  Nd:BMAG  for  transitions 
between  the  4F„,  ana  manifolds. 
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FIG.  6.  Temperature  dependence  of  the  fluorescence  for  (a)  site  D5  and 
(b)  site  C4  pumping  in  Nd:BMAG.  Each  spectra  has  been  normalized,  and 
was  recorded  at  a  delay  of  200  fi s  after  the  excitation  pulse. 


spond  to  the  transition  between  the  lowest  crystal  field  levels 
of  the  *Fyn  and  V,  ,/2  multiplets.  The  results  show  the  inten¬ 
sity  of  the  line  from  site  A2  growing  at  the  expense  of  the  line 
from  site  D5  as  the  temperature  is  increased.  Thus,  energy  is 
being  transferred  from  sensitizer  ions  in  D5  to  activator  ions  0 

in  A2  sites  and  the  transfer  process  is  thermally  activated. 

Fluorescence  spectra  were  recorded  at  delay  times  rang¬ 
ing  from  10/is  to  1  ms  after  the  excitation  pulse  but  no  time 
dependence  of  the  relative  line  strengths  could  be  observed  at 
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any  temperature.  This  leads  to  the  conclusion  that  the  trans¬ 
fer  is  completed  prior  to  the  ^3/2  emission. 

Similar  results  were  obtained  for  excitation  of  the  C4 
crystal  field  sites.  The  intensity  of  the  emission  peak  at  1070 
nm  for  site  C4  decreased  as  the  temperature  was  increased 
(Fig.  6(b)  ].  The  energy  was  transferred  to  the  same  activa¬ 
tor  site  A2  and  again  there  was  no  time  dependence  of  the 
relative  line  strengths.  Note  that  the  transfer  from  site  C4  is 
thermally  activated  at  a  lower  temperature  than  the  transfer 
from  site  D5. 

The  temperature  dependence  of  the  energy  transfer 
arises  as  higher  lying  Stark  components  of  a  metastable  state 
become  populated  through  a  Boltzmann  distribution.  Ener¬ 
gy  is  transferred  due  to  the  spectral  overlap  between  the  ther¬ 
mally  activated  levels  of  the  optically  pumped  ions,  and  lev¬ 
els  of  the  ions’in  site  A2.  An  exact  resonance  of  the  levels  is 
not  required  as  some  degree  of  mismatch  can  be  compensat¬ 
ed  by  absorption  or  emission  of  lattice  phonons. 

A  simple  rate  equation  model  can  be  used  to  qualitative¬ 
ly  explain  the  observed  results.  Figure  7  depicts  the  energy 
levels  involved  in  the  dynamical  processes  taking  place.  The 
sensitizer  S,  is  the  ion  that  is  optically  pumped  (site  C4  or 
D5)  and  the  activator,  A,  is  the  ion  in  the  site  to  which  energy 
is  transferred  (site  A2).  The  population  of  ions  in  the  jth 
level  of  the  sensitizers  and  activators  is  designated  by  S:  or 
A,,  respectively. 

The  population  of  the  metastable  state  S2  involves  ab¬ 
sorption  of  excitation  laser  photons  from  4/9/2  to  2Pl/2  and 
then  rapid  nonradiative  relaxation  from  2Pwi  to  S2.  There¬ 
fore,  the  rateof  population  of  S2  is  effectively  \Vp,  the  optical 
pumping  rate.  JF,  and  Wa  are  the  rates  of  population  loss 
from  the  metastable  levels  S2  and  A2,  and  Bu  and  Bd  are 
nonradiative  transition  rates  between  the  two  Stark  compo¬ 
nents  of  the  sensitizer  multiplet  involved  in  the  transfer. 
These  Stark  components  are  separated  by  an  energy  gap  of 
AZT,.  Energy  transfer  between  ions  occurs  through  the  spec¬ 
tral  overlap  of  the  activator  level  A,  and  the  sensitizer  level 
S,  that  is  thermally  activated.  Any  energy  mismatch 
between  the  levels  can  be  compensated  by  lattice  phonons 
and  the  transfer  will  still  activate  with  the  Stark  splitting 


FIG  7  Model  used  lo  explain  the  temperature  dependent  energy  transfer 
observed  in  Nd  BMAG 


A Es.  The  transfer  is  described  by  a  forward  rate,  IFW  (from 
sensitizer  to  activator),  and  a  back  transfer  rate,  Wa,  (from 
activator  to  sensitizer). 

The  observed  ratio  of  the  fluorescence  intensities  of  the 
sensitizer  and  activator  emission  is  proportional  to  the  ratio 
of  level  populations, 

y=P(A2/S2)  (1) 

*  s 

where  the  proportionality  factor  P  includes  parameters 
compensating  for  possible  differences  in  the  radiative  decay 
rates  of  the  fluorescing  levels  of  the  sensitizer  and  activator 
ions.  The  ratio/fj/Aj  can  be  obtained  from  the  rate  equation 
describing  the  population  dynamics  of  level  A, . 

ir3  -  bus2  +  yvasA2  - b,s2  -  if,.,.?, .  (2) 

At  thermal  equilibrium, 

S  B 

—  =  e.\p(  —  AEykD  =  —  .  (3) 

S2  Bj 

Since  no  time  dependence  of  the  energy  transfer  was  ob¬ 
served,  steady  state  conditions  can  be  applied  and  S3  =  0. 
Using  this  assumption  Eq.  (2)  can  be  solved  for  the  ratio 
A2/S2  obtaining 

/„  IF 

—  =  /? — —  exp(  —  A£,/AT)  (4) 

I  IV 

for  the  ratio  of  the  fluorescence  intensities. 

Figure  8  shows  the  natural  log  of  the  ratio  of  the  inte¬ 
grated  fluorescence  intensity  of  activator  and  sensitizer  as  a 
function  of  inverse  temperature  for  C4  and  D5  site  pumping. 
The  results  obtained  by  fitting  Eq.  (4)  to  the  data  are  shown 
as  solid  lines  in  Fig.  8  and  the  parameters  obtained  from 
these  fits  are  given  in  Table  II.  A Es  is  the  activation  energy 
determined  by  the  slope  of  the  linear  fit  to  the  data  in  Fig.  8 
and  the  intercept  is  associated  with  the  constant 

P( 

With  the  available  data,  identification  of  the  metastable 
sensitizer  level  involved  in  the  transfer  is  not  conclusive  but 
the  most  probable  candidate  is  the  *F>/2  level.  The  energy 
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FIG  8  Temperature  dependence  of  the  fluorescence  intensity  ratios  for  A  2 
activators  with  C4  or  05  sensitizers. 
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TAI3LB  II.  Experimental  energy  transfer  parameters  for  the  sensitizers  C4 
ami  D5. 


Sensitizer 

A  E, 

C4 

278  133  cm  ' 

38  1  18 

151  cm  ’  1 

D5 

338  1  51  cm  ' 

9  l  4 

319  cm " ' 

difference  between  the  lowest  Stark  component  of  this  multi- 
plet  for  the  activator  site,  A2,  and  the  sensitizers,  C4  and  D5, 
is  given  in  Table  II  as  A Emm.  For  the  D5~  A2  transfer  there 
is  a  reasonable  agreement  between  the  activator  energy  re¬ 
quired  for  energy  transfer  and  the  site-to-site  energy  differ¬ 
ence,  A of  the  *F}/i  level.  The  difference  between  A E, 
and  A Emm  for  the  C4  — A2  transfer  indicates  that  phonons 
with  energy  of  120  cm  ~  1  would  be  released  in  this  transfer 
process. 

IV.  LASER-PUMPED  LASER  STUDIES 

Laser  action  was  obtained  at  room  temperature  in 
NdiBMAG  using  an  alexandrite  laser  as  the  excitation 
source.  The  alexandrite  laser  output  was  tunable  from  725  to 
790  nm  and  consisted  of  a  series  of  pulses  of  duration  300  ns 
within  a  60 //s  envelope.  The  maximum  power  at  the  peak  of 
the  gain  curve  was  20  W  at  a  repetition  rate  of  20  Hz  and  the 
spectral  width  was  approximately  1  nm. 

The  crystal  was  mounted  in  a  23-cm  long  cavity  consist¬ 
ing  of  a  50  cm  radius  of  curvature  high  reflector  and  a  flat 
85%  reflective  output  coupler.  Transverse  pumping  was  em¬ 
ployed  (£ic)  with  cylindrical  and  convex  lenses  used  to  fo¬ 
cus  the  pump  laser  beam  in  a  line  the  length  (0.56  cm)  of  the 
NdiBMAG  sample.  An  iris  was  positioned  in  the  cavity  to 
limit  the  number  of  oscillating  modes.  The  power  incident 
on  the  NdiBMAG  crystal  and  the  power  output  from  the 
NdiBMAG  laser  were  measured  with  two  calibrated  power 
meters.  The  Fresnel  reflections  and  absorption  within  the 
cavity  mode  volume  of  the  material  were  considered  when 
calculating  the  power  absorbed  by  the  crystal. 

Figure  9  shows  the  absorption  spectrum  in  the  pumping 
region  used  in  these  experiments.  The  spectral  structure  is 
associated  with  absorptionsitransitions  terminating  on  the 
various  Stark  components  of  the  *Fin  and  manifolds. 
For  ail  the  excitation  wavelengths  used,  Nd:BMAG  lascd  at 
a  wavelength  of  1054  nm.  As  discussed  in  the  previous  sec¬ 
tions  this  wavelength  corresponds  to  the 
*/ 1 1^2  (  T,  )  transition  of  the  A2  site  in  NdiBMAG.  Lasing 
was  observed  for  pump  wavelengths  from  736.7  to  758.8  nm, 
which  covers  most  of  the  absorption  spectrum  shown  in  Fig. 
9  Lasing  could  not  be  obtained  for  excitation  wavelengths 
shorter  than  736.7  nm  because  the  gain  curve  of  the  alexar. 
drite  laser  limited  the  available  pump  power. 

The  laser  power  output  of  NdiBMAG  at  1054  nm  was 
monitored  as  a  function  of  the  incident  pump  power  for  sev¬ 
eral  excitation  wavelengths  and  the  results  were  used  to  de¬ 
termine  the  laser  threshold  and  slope  efficiency.  Figure  10 
shows  the  data  obtained  in  this  work.  Above  absorbed  power 
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FIG.  9.  Absorption  spectrum  (£ic)  for  the  region  used  in  laser  pumped 
las.r  experiments.  The  spectral  pumping  region  for  which  lasing  was  ob¬ 
tained  is  marked.  Also,  spectral  pumping  regions  resulting  in  blue  and  green 
fluorescence  are  indicated. 


levels  of  150  mW  the  NdiBMAG  laser  power  output  levels 
off  due  to  saturation  of  absorption  in  the  laser  mode  volume 
(waist  diameter,  d  =  0.069  cm).  The  threshold  for  lasing 
varies  only  a  small  amount  with  changes  in  pump  wave¬ 
length  but  there  are  significant  changes  observed  in  the  slope 
efficiency.  Pumping  at  749.5  nm  results  in  the  highest  slope 
efficiency  (22%)  and  the  lowest  power  threshold. 

Blue  and  green  fluorescence  was  apparent  to  the  eye  for 
alexandrite  pumping  of  NdiBMAG.  As  observed  oy  eye,  the 
intensity  of  this  fluorescence  did  not  significantly  change 
when  the  sample  was  lasing.  Moreover,  the  fluorescence 
showed  changes  with  excitation  wavelength  suggesting  ex¬ 
cited  state  absorption  of  pump  laser  photons  may  be  occur¬ 
ring.  For  excitation  between  729  and  752  nm  the  fluores¬ 
cence  appeared  as  an  intense  blue  and  then  a  weaker  green  as 
the  alexandrite  laser  was  tuned  to  longer  wavelengths.  The 
pump  wavelength  yielding  the  highest  laser  slope  efficiency 


FIG,  10.  Laser  oulput  power  al  1054  nm  vs  (lie  cnlculaled  absorbed  pump 
power  nr  I  he  mode  volume  of  I  lie  eaviiv  for  different  pump  wavelengths 
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(749.5  nm)  also  was  associated  with  a  minimal  amount  of 
upconverted  emission.  This  suggests  that  the  processes  pro¬ 
ducing  upconverted  emission  may  be  limiting  the  efficiency 
of  the  Nd:BMAG  laser  at  some  pump  wavelengths. 

Excited  state  absorption  (ESA)  of  pump  photons  is  pos¬ 
sible  when  the  pump  wavelength  is  tuned  to  the  transition 
energy  between  any  populated  excited  level  and  a  higher  lev¬ 
el.  Additionally,  the  incident  pump  photon  rate  must  be 
comparable  to  the  decay  rate  of  the  initial  excited  level.  Be¬ 
cause  of  the  high  energy  and  short  duration  of  the  spiked 
alexandrite  laser  pulses,  this  condition  may  be  satisfied  for 
some  of  the  intermediate  levels  of  the  NdJ  +  ion.  An  efficient 
ESA  process  also  requires  a  resonance  for  absorption  from 
the  ground  state.  Excitation  frequencies  that  exactly  match 
both  resonance  conditions  may  not  be  possible  but  transi¬ 
tions  involving  vibronic  levels  will  extend  the  range  of  wave¬ 
lengths  available  for  ESA. 

The  fluorescence  in  the  blue-green  spectral  region  was 
recorded  for  three  alexandrite  excitation  wavelengths  and 
the  results  are  shown  in  Fig.  1 1.  The  spectra  are  corrected  for 
both  detector  and  filter  response  and  each  spectrum  was  nor¬ 
malized  to  the  highest  peak  in  the  scan  range.  The  absolute 
intensity  for  the  738.6  nm  excitation  is  at  least  an  order  of 
magnitude  greater  than  for  the  743.2  and  753.6  nm  excita¬ 
tions.  Using  the  room-temperature  energy  levels  for 
NdiBMAG  it  was  possible  to  determine  the  origin  of  the 
upconverted  transitions  observed  in  these  spectra  and  this  is 
shown  in  Fig.  12  with  respect  to  the  energy  level  diagram. 

The  most  probable  excited  level  for  ESA  is  the  metasta¬ 
ble  *FU 2  state  due  to  its  long  lifetime.  However,  for  alexan¬ 
drite  pumping  of  NdiBMAG  there  are  no  terminating  levels 
within  the  pump  wavelength  range  and  it  is  concluded  that 
this  level  is  not  involved  in  the  processes  occurring.  Addi¬ 
tionally,  there  were  no  significant  changes  in  the  intensity  of 
the  upconverted  emission  when  the  crystal  was  lasing  which 
would  be  expected  if  this  state  was  involved.  The  transition 
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HO  1  I  Room-temperature  fluorescence  of  NdrKMAG  observed  for  dif- 
ferem  excitation  wavelengths  of  the  alexandrite  laser 


FIG.  12.  Excited  state  absorption  transitions  and  associated  fluorescence 
transitions  observed  for  room-temperature  alexandrite  laser  pumping  of 
NdiDMAG. 


4F3/2  -»4£?v 2  labeled  transition  2  in  Fig.  12,  is  a  close  match 
to  the  wavelength  of  the  lasing  photons  at  1054  nm.  This 
ESA  transition  will  be  present  for  all  pump  laser  wave¬ 
lengths  and  is  not  responsible  for  the  pump  wavelength  de¬ 
pendent  effects  observed  here. 

The  excitation  wavelengths  743.2  and  738.6  nm  produc¬ 
ing  blue  fluorescence  are  a  good  match  to  the  ESA  transi¬ 
tions  *Fs/i~2Pul  and  ^7,2  -  4  £>V2,  respectively.  These 
processes,  indicated  by  transitions  3  and  4  in  Fig.  12,  de¬ 
crease  the  number  of  ions  reaching  the  upper  laser  level  4/,',/J 
and  thus  reduce  the  efficiency  of  the  laser.  The  two  levels 
taking  part,  4F5/2  and  4F7/2,  are  known  to  have  very  fast 
decay  rates  and  ESA  effects  may  only  be  associated  with  the 
high  energy,  fast  pulse  excitation  of  alexandrite  laser  pump¬ 
ing.  Also,  cross-relaxation  between  NdJ  +  ion  pairs  may  en¬ 
hance  ESA  effects  by  changing  the  single-ion  decay  rates 
from  these  levels.  Models  describing  ESA  of  pump  photons 
have  been  discussed  recently  by  Kliewer  and  Powell-’  and 
Petrin  el  al.'u  The  nonlinear,  coupled  differential  equations 
describing  the  level  populations  were  solved  numerically. 
The  results  show  that  excited  state  absorption  of  pump  pho¬ 
tons  can  decrease  the  slope  efficiency  but  the  model  does  not 
yet  describe  the  full  extent  of  the  effect. 

V.  SUMMARY  AND  CONCLUSIONS 

The  results  obtained  in  this  work  show  that  Nil '  '  ions 
occupy  several  different  crystal  field  sites  in  BMAG  crystals. 
This  produces  large  inhomogeneous  broadening  of  the  spec¬ 
tral  transitions  which  influences  the  cross  sections  involved 
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in  optical  pumping  and  laser  emission.  Efficient  energy 
transfer  was  observed  at  room  temperature  between  ions  in 
the  different  types  of  sites.  The  fluorescence  observed  at 
room  temperature  occurs  from  ions  in  one  type  of  site  indi¬ 
cating  that  energy  transfer  can  be  used  to  enhance  laser 
pumping.  The  mechanism  for  energy  transfer  was  not  deter¬ 
mined  since  this  depends  critically  on  the  concentration  of 
ions  in  the  different  types  of  sites.  The  efficiency  of  the  ener¬ 
gy  transfer  suggests  that  the  sensitizer-activator  separations 
are  less  than  would  be  expected  if  the  ions  were  distributed 
uniformly  between  the  sites.  Thus,  it  is  highly  probable  that 
the  ions  are  not  uniformly  distributed  but  are  preferentially 
distributed  in  pairs  or  larger  groups. 

Strong  blue  and  green  fluorescence  was  observed  when 
the  NdJ  +  ions  were  excited  with  an  alexandrite  laser.  This 
upconverted  emission  was  pump  wavelength  dependent  and 
was  attributed  to  excited  state  absorption  processes.  The  las¬ 
ing  thresholds  and  slope  efficiencies  were  determined  for 
Nd:BMAG  at  several  excitation  wavelengths.  The  lasing 
slope  efficiency  was  found  to  be  reduced  at  the  pumping 
wavelengths  associated  with  excited  state  absorption.  A 
pump  wavelength  was  identified  that  minimized  this  type  of 
loss  mechanism. 
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Nd3> :  BaaZnGe207  (BZAG)  ia  an  attractive  material  to  be  pumped  by  laser  diodes  because  its  fluorescence 
lifetime  is  305  paec  and  it  has  a  broad  absorption  centered  at  806  nm.  In  addition,  Nd3>:BZAG  has  a  broad 
fluorescence  spectrum  and  offers  the  potential  for  tunable  laser  output  wavelengths  centered  at  1.05  and 
1.34  nm.  Time-resolved,  site-selection  spectroscopy  measurements  revealed  ten  different  crystal-field  sites  for 
Nd1'  in  BZAG,  but  strong  energy  transfer  between  nonequivalent  ions  at  room  temperature  results  in  emission 
from  only  one  major  site.  Diode-array  side  pumping  of  5-mm-diameter  rods  produced  optical  slope  efficiencies 
of  22.8%.  Crystal  structure,  Judd-Ofelt  analysis,  and  laser  performance  are  discussed. 


INTRODUCTION 

For  many  years,  Nd3*  doped  in  Y3A150,2  (YAG)  has  been 
the  moat  common  solid-3tate  flash-lamp-pumped  laser 
owing  to  its  high  stimulated-emission  cross  section,  ther¬ 
mal  conductivity,  and  mechanical  strength.  In  the  search 
for  improved  laser  materials,  many  materials  have  been 
studied  that  possess  theoretically  better  Q-switch  proper¬ 
ties  than  Nd3*:YAG.1  Unfortunately,  many  of  these  ma¬ 
terials  were  generally  unable  to  tolerate  the  thermal 
stress  produced  by  the  UV  radiation  that  is  present  with 
flash-lamp  pumping.3  Today,  with  efficient  and  long-lived 
GaAlAs  diodes  operating  at  ideal  pump  wavelengths  for 
Nd3*  ('Fur  levels)  in  the  near  IR,  it  is  possible  to 
consider  host  materials  with  less  stringent  thermome¬ 
chanical  requirements  than  Nd3*:YAG  has.  Desirable 
properties  for  a  diode-pumped  Q-switched  laser  material 
include  a  longer  fluorescence  lifetime  and  a  broader  ab¬ 
sorption  band  compared  with  Nd  :YAG.  A  long  fluores¬ 
cence  lifetime  would  increase  the  storage  capacity  of  the 
material  and  reduce  the  number  of  diodes  needed  to  pro¬ 
duce  a  given  output  energy.  A  broader  absorption  band 
would  permit  a  greater  wavelength  tolerance  for  an  array, 
thereby  reducing  system  cost. 

Flash-lamp-pumped  laser  action  of  Nd3*:Ba2ZnGe207 
(BZAG)  was  demonstrated  by  the  U.S.  Army  Night  Vision 
Laboratory  in  1972. 3  BZAG  possesses  the  akermanite 
(melilite)  structure  and  congruently  melts  at  1320°C, 
which  allows  these  crystal  a  to  be  grown  by  the  Czochralski 

0740-3224/90/0711 90-08$02.00 


method.1  The  salient  conclusions  of  the  Night  Vision 
study  were  that  Nd3*  :  BZAG  is  a  medium-gain  laser  ma¬ 
terial,  with  a  stimulated-emission  cross  section,  a  fluo¬ 
rescence  linewidth,  and  thermomechanical  properties 
intermediate  between  those  of  YAG  and  most  glasses.3 
Nd3*:BZAG  possesses  a  longer  fluorescence  lifetime  than 
Nd3* :  YAG  and  exhibits  a  broader  absorption  and  fluores¬ 
cence  spectrum  than  those  of  Nd3*-doped  YAG,  YAlOj, 
and  YLiF4.'  In  this  study  we  report  the  results  of  x-ray 
diffraction,  detailed  spectroscopic  analysis,  and  the  lasing 
properties  of  Nd-doped  BZAG  under  diode-array,  alexan¬ 
drite,  and  dye-laser  pumping. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Crystal  Growth  and  Elemental  Analysis 
The  BZAG  crystals  used  in  this  study  were  grown  in  the 
late  1960’s  by  A.  Linz  (Massachusetts  Institute  of  Tech¬ 
nology),  who  used  the  top-seeded  solution  technique  with 
a  nominal  2  mol  %  Nd3*  added  to  the  melt.  These  sam¬ 
ples  are  the  same  as  those  used  by  Horowitz  et  al.3  in  the 
previous  study  of  this  laser  host.  A  spectroscopic  sample 
was  analyzed  for  elemental  composition  by  Galbraith  Labo¬ 
ratories,  Knoxville,  Tennessee.  Analysis  of  the  sample 
gave  the  following  results  (in  weight  percent);  Nd,  0.14; 
Ba,  45.82;  Zn,  10.74;  Ge,  23.61;  K,  <0.010,  and  Na,  <0.010. 
The  corresponding  Nd  density  was  determined  to  be 
2.9  x  10-|8cmJ. 
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Table  1.  Summary  of  Single-Crystal  X-Ray 
Diffraction  Results  for  Ba2ZnGe10;'1 


Atom 

X 

y 

Z 

U(eqf 

0a 

0.1651(1) 

-0  3349(1) 

0.4927(2) 

28(1) 

Zn 

0  00000 

0.00000 

0.00000 

26(1) 

Ge 

0  3591(2) 

-0.1409(2) 

0.0383(5) 

25(1) 

0(1) 

0  0826(16) 

0  1873(14) 

0.8105(22) 

41(4) 

0(2) 

-0  1393(16) 

-0  3607(16) 

0  2717(35) 

48(6) 

0(3) 

0  00000 

0.50000 

0.8404(40) 

26(4) 

’All  281  reflections  were  considered  observed  on  the  basis  that  FQ  > 
SOtrlFo)  A  full-matrix  least-squares  refinement  minimized  ^((Fo)  - 
|F,|)J»  <t>  =  »r2(f’o)  +  0.0066F02  For  all  reflections,  refinement  converged 
to  K  «  00495.  wit  =  0  0721.  S  =  1.02,  and  (A/tr)MI  «  0.013.  Atomic 
coordinates  (xlO4)  are  equivalent  isotropic  displacement  parameters  (A  x 
10J)  are  listed  below 

^Equivalent  isotropic  If  defined  ns  one  third  of  the  trace  of  the 
orthngonnlized  UtJ  tensor  Parenthetical  values  are  estimated  standard 
deviat  ions 
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Fig.  1.  Crystal  structure  and  unit  cell  of  Ba2ZnGe307  (akerman- 
ite(.  The  c  axis  is  vertical. 


X-Ray  Diffraction 

The  crystal  structure  analysis  was  performed  at  22°C, 
on  a  0.25-mm-diameter  ground  sphere  with  an  automated 
Nicolet  R3m/V  diffractometer  equipped  with  an  incident- 
heum  graphite  monochromator  and  Mo  K -a  radiation 
(A  =  0.71073  A).  A  least-squares  refinement  of  20  cen¬ 
tered  reflections  within  10.0°  £  20  £  27.5°  yielded  the 
lattice  parameters  a  =  8.347(2)  A  and  c  =  5.554(3)  A, 
within  reasonable  agreement  with  the  published  values 
of  Sirazhiddinov  et  al .*  X-ray  structure  investigations 
showed  that  NdBZAG  has  tetragonal  symmetry  with  a 
apace  group  P42im  (No.  113),  with  Z  =  2.  Intensity  data 
were  collected  in  the  29  mode  (3.5°  to  45.0°),  with  variable 
scan  rates  from  3.9  to  14.6°  min  .  The  two  standard  re¬ 
flections,  measured  for  every  50  reflections,  showed  no 
significant  change  during  data  collection  (<1%).  The 
2114  measured  reflections  had  Miller  indices  of  -8  S  h  < 
6,  -6  S  I  S  8,  and  -6  S  /  S  8.  Equivalent  reflections 
were  averaged  to  give  281  unique  reflections,  Rinl  = 
7.49%.  The  structure  was  solved  and  refined  by  direct 


methods  with  the  Nicolet  computer  routine  shelxtl  plus 
(MicroVax  II).  The  atomic  positions  of  the  various  ions  in 
the  unit  cell  are  given  in  Table  1. 

Figure  1  shows  the  BZAG  unit  cell.  Four  equivalent 
Ba  ions  occupy  distorted  square  O  antiprisms  in  the  unit 
cell.  Ge  ions  reside  in  distorted  tetrahedra  linked  at  one 
corner  to  form  double  Ge207  oriented  upward  and  down¬ 
ward  relative  to  the  optic  axis.6  Both  the  3a2*  and  the 
Ge4*  sites  possess  C,  symmetry.  Nd3*  ions  substitute 
with  charge  compensation  at  the  large  Ba2*  site.  Since 
the  Zn  *  site  (S«)  lacks  inversion  symmetry,  it  may  be 
doped  with  large-oscillator-strength  divalent  transition 
metals,  with  the  potential  of  creating  a  tunable  vibronic 
laser  material. 

Absorption  and  Refractive-Index  Measurements 
The  absorption  spectra  were  recorded  with  a  Perkin- 
Elmer  Lambda  9  spectrometer  equipped  with  the  polar¬ 
izer  attachment  and  the  7500  computer.  Figures  2  and  3 
are  the  polarized  absorption  spectra  of  I’d3* :  BZAG  be¬ 
tween  300  and  1000  nm  at  room  temperature.  For  most 
wavelengths,  the  absorption  coefficient  for  light  having  its 
E  vector  normal  to  the  c  axis  (£„)  is  greater  than  that  for 
radiation  with  E  parallel  to  the  c  axis  (E„).  These  obser¬ 
vations  are  consistent  with  results  for  an  analogous  mate¬ 
rial,  Nd3* :  Ba2MgGe207.rs  The  absorption  cross  section 
at  the  peak  of  the  2Fs/2  transition  at  806  nm  is  five  times 
higher  for  E„  than  for  E„.  Another  Balient  feature  of  the 
spectra  is  the  inhomogeneous  broadening  occurring  in 
Nd3*:BZAG,  which  produces  absorption  linewidths  inter- 


Fig.  2.  Absorption  spectrum  of  Nd3*:BZAG  at  room  tempera¬ 
ture  with  E  perpendicular  to  C.  The  Nd  concentration  is  2.9  x 
10‘9  cm'3. 


Fig.  3.  Absorption  spectrum  of  Nd3* :  BZAG  at  room  tempera¬ 
ture  with  E  parallel  to  C. 
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Table  2.  Indices  of  Refraction  of  Nds+ :  BZAG 


Wavelength 

n  r 

n„ 

632.8 

1.760 

1.747 

611.9 

1.767 

1.752 

594.1 

1.764 

1.752 

543.0 

1.764 

- 

514.5 

1.776 

1.762 

601.7 

1.772 

1.762 

496.5 

1.775 

1.762 

488.0 

1.773 

1.756 

476.5 

1.781 

1.762 

457.9 

1.790 

1.777 

441.6 

1.796 

1.756 

Sellmeier  Coefficients 

A 

2.012 

2.000 

B  (pm2) 

0.01662 

0.01168 

mediate  between  those  of  YAG  and  glasses.  This  is  due 
primarily  to  the  distortion  of  the  crystal  field  around  the 
Nd3*  ions  caused  by  charge  compensation.  Since  no 
monovalent  ions  were  detected  in  the  sample,  the  substitu¬ 
tion  of  Nd3*  for  Ba2t  requires  the  use  of  interstitial  anions 
or  cation  vacancies  for  charge  compensation.9 

The  refractive  indices,  na  „,  of  Nd:BZAG  were  mea¬ 
sured  by  the  method  of  minimum  deviation.  A  polished 
prism  was  fabricated  with  an  angle  of  perpendicu¬ 

lar  to  the  optic  axis.  He-Ne,  He-Cd,  and  Ar-ion  lasers 
provided  polarized  monochromatic  light  from  442  to 
632  nm.  The  measured  refractive  indicies  are  tabulated 
in  Table  2.  These  experimental  data  were  least-squares 
fitted  to  Sellmeier’s  dispersion  equations,  yielding 


2  -  2-012A3 

A2  -  0.01662  pm2 
2  -  2.000A2 

n''  A2  -  0.01168  /an2 


(1) 

(2) 


Nd3t :  BZAG  Fluorescence 

The  fluorescence  spectrum  of  the  *F3n  metastable  state  in 
Nd3* :  BZAG  was  recorded  with  a  Spex  F222  spectrometer 
equipped  with  a  liquid-N2-cooled  Ge  or  room-temperature 
Si  detector.  Figures  4-6  show  the  polarized  fluorescence 
spectra  in  the  region  of  the  *F3n  -»  1I3n,  *F3n  V11/2,  and 
*F3/3  -*  47 13/2  transitions  and  were  corrected  for  detector 
response,  grating  efficiepcy,  and  polarization  effects. 
The  fluorescence  spectra  for  transitions  terminating  to 
were  not  corrected  for  reabsorption.  In  all  cases,  the 
fluorescence  intensity  is  stronger  for  E„  than  for  E„. 
These  spectra  are  different  from  those  published,  and  the 
differences  are  attributed  to  the  lack  of  correction  factors 
in  the  previous  study.3  The  broad  nature  of  these  fluores¬ 
cence  curves  shows  the  potential  for  continuously  tunable 
laser  output,  which  is  not  obtainable  in  Nd3*:YAG. 

In  addition  to  the  typical  emission  from  Nd3t,  fluores¬ 
cence  was  also  seen  at  higher  energies.  Fluorescence  and 
excitation  spectra  were  recorded  in  this  spectral  region 
with  the  Perkin- Elmer  MPF-66  fluorescence  spectropho¬ 
tometer.  Figure  7  shows  the  room-temperature  fluores¬ 
cence  spectrum  of  a  band  at  805  nm  that  is  characteristic 
of  emission  from  the  4 F yj,  1H<*2  manifold  to  *lw  It  should 


be  noted  that  the  fluorescence  spectrum  has  not  been 
corrected  for  the  wavelength  response  of  the  R928  photo¬ 
multiplier  used.  Detection  of  the  fluorescence  with  a 
750-nm  blazed  grating  and  an  RCA  7102  (S-l)  photomulti¬ 
plier,  and  thus  with  nearly  constant  sensitivity  between 


Fig.  4.  Fluorescence  spectrum  at  room  temperature  of  the 
*F3/]  -*  *Iti 2  transition. 


Fig.  5.  Fluorescence  spectrum  at  room  temperature  of  the 
*F3,2  -*  */ ii/a  transition. 


Fig.  6.  Fluorescence  spectrum  at  room  temperature  of  the 
*Fm  - »  V 13/2  transition. 
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Wavelength  (nm) 

Fig.  7.  The  excitation  and  fluorescence  spectra  of  NdJ* :  BZAG 
showing  the  emission  from  the  * Fui ,  3H»,j  manifold.  For  the 
emission  spectrum  the  excitation  wavelength  was  587  nm  and 
the  resolution  of  the  emission  monochromator  was  2  nm.  For  the 
excitation  spectrum  the  emission  wavelength  was  804  nm,  both 
monochromators  had  a  5-nm  resolution,  and  the  spectrum  was 
corrected  to  600  nm  with  a  quantum  counter. 


800  and  900  nm,  showed  the  4fV>.  2f/w2  emission  to  be 
weaker  than  the  *F3n  by  approximately  a  factor  of  50  at 
room  temperature.  The  room-temperature  fluorescence 
lifetime  at  800  nm  when  frequency-doubled  Nd3+ :  YAG  ex¬ 
citation  is  used  ia  equal  to  that  of  the  state  to  within 
experimental  error.  Given  the  rather  small  energy  gap 
(—1000  cm'1)  between  the  4Fw,  and  4F3/2  manifolds, 
we  conclude  that  these  mapifolda  reach  thermal  equilib¬ 
rium  in  a  time  scale  shorter  than  the  room-temperature 
fluorescence  lifetime.  In  view  of  the  weakness  of  the 
4Fm,  1H9i2  fluorescence  relative  to  that  from  4F3,2l  this 
higher-energy  manifold  fluorescence  should  have  a  mini¬ 
mal  effect  on  laser  performance. 

Figure  7  also  shows  the  excitation  spectrum  of  the  ger¬ 
manium  oxide  fluorescence,  which  clearly  agrees  with  the 
absorption  spectra  except  for  the  absence  of  the  strong  UV 
absorption  edge  near  320  nm  with  a  tail  extending  into 
the  visible  region. 

Figure  8  shows  the  room-temperature  fluorescence  and 
excitation  spectra  in  the  UV/visible  region.  These  spec¬ 
tra  are  characteristic  of  the  host  (presumably  from  a 
germanium  oxide  center)10  and  not  of  Nd3*  (4 f3)  states. 
This  broad  fluorescence  can  also  be  excited  by  the  doubled 
Nd3*:YAG  laser  (532  nm).  With  this  pump  source  the 


fluorescence  lifetime  was  observed  to  be  shorter  than 
50  nsec. 

Site-Selection  Spectroscopy  and  Energy  Transfer 
With  dye-laser  excitation  we  were  able  to  excite  Nd  ions 
selectively  in  specific  crystal-field  sites.  Absorption  and 
fluorescence  spectra  below  35  K  were  significantly  nar¬ 
row,  enabling  us  to  determine  the  energy-level  positions  of 
the  Nd3+  ions.  An  excitation  spectrum  was  generated  by 
using  Coumarin  440  dye  pumping  in  the  region  of  the  2P„, 
energy  level  since  it  is  nondegenerate  with  respect  to  the 
electric  field  (it  has  only  one  Stark  component)  and  is  rela¬ 
tively  isolated  from  other  energy  levels.  The  laser  pro¬ 
vided  pulses  of  less  than  10-nsec  duration  and  less  than 
0.5-A  FWHM.  The  excitation  spectrum  of  Nd3+:BZAG 
appears  in  Fig.  9,  which  shows  five  crystal  field  sites  (la¬ 
beled  A  through  E),  with  the  majority  of  Nd3+  occupying 
A  sites.  These  sites  are  due  to  dramatically  different 
crystal-field  interactions  with  Nd3*.  Three  of  these  sites 
are  found  to  be  composed  of  distinct  subsites  (Ai-A«,  Dli2, 
and  Ei,2)  for  a  total  of  ten  crystal-field  sites.  These  tran¬ 
sitions  are  attributable  to  weaker  crystal-field  variations 
and  exhibit  changes  in  wavelengths  and  intensities  (con¬ 
centrations)  resulting  from  Nd3+  ions’  residing  in  the  Ba2+ 
site  with  different  nearest  neighbors. 

Low-temperature  fluorescence  spectra  indicate  that  the 


Wavelength  (nm) 

Fig.  8.  Excitation  and  fluorescence  spectra  at  room  temperature 
of  the  host.  For  the  emission  spectrum  the  excitation  wavelength 
waa  220  nm  and  the  resolution  of  the  emission  monochromator 
was  2  nm.  For  the  excitation  spectrum  the  emission  wavelength 
was  500  nm,  and  the  spectrum  has  been  corrected  with  a  quan¬ 
tum  counter. 


119-1  J.  Opt.  Soc.  Am.  li/VuJ.  7,  No.  7/July  1990 


Allik  cl  at. 


Wavelength  (nm) 

Fig.  9.  Excitation  spectrum  at  35  K  in  the  region  of  the  -* 
iPti2  transition.  The  excitation  peaks  correspond  to  different 
crystal-field  sites. 


most  intense  transition  from  *F3n  to  *hvt  is  site  dependent 
>  and  ranges  from  1052.5  nm  for  Ai  to  1078.0  nm  for  Di. 
The  Stark  levels  for  Va/j,  4/u/2,  the  lower  state  of  *F3n,  and 
2PU1  have  been  spectroscopically  determined  for  sites  Atl 
B,  C,  Di,  and  D2  and  appear  in  Fig.  10.  Line  overlap  of 
the  various  subsites  is  responsible  for  the  multisite  fluo¬ 
rescence  observed  at  low  temperatures  and  inhibits  the 
j  clear  identification  of  the  Stark  levels  of  all  sites.  Room- 
temperature  fluorescence  at  different  excitation  wave¬ 
lengths  exhibits  only  type  A  fluorescence,  which  implies 
rapid  energy  transfer  and  an  enhancement  in  laser  pump¬ 
ing.  In  Nd3* :  Ba2MgGe207  the  energy  transfer  is  ther¬ 
mally  activated  and  occurs  on  a  time  scale  much  faster 
than  10  psec.8 

1  The  low-temperature  fluorescence  lifetimes  of  4FW  for 

the  various  sites  also  appear  in  Fig.  10.  The  fluores¬ 
cent  lifetime  of  the  A  site  was  measured  between  10  and 
350  K  and  was  temperature  independent  for  this  sample 
concentration. 

,  Branching  Ratios  and  Radiative  Lifetimes  of  Nd3+  BZAG 
The  branching  ratios  and  radiative  lifetimes  of  *Fvt  -»  4/y 
(J  =  9/2,  11/2,  13/2,  15/2)  fyr  Nd3t  in  BZAG  were  deter¬ 
mined  by  direct  application  of  the  Judd-Ofelt  theory.1112 
Judd-Ofelt  analysis  has  been  performed  with  a  high 
degree  of  accuracy  to  determine  Nd3+  laser  parameters. 
Numerous  authors  have  described  the  data-reduction 
procedures  for  isotropic  materials,  and  the  procedures  will 
not  be  given  here.1314  The  measured  polarized  absorbances 
were  averaged  spatially  by  the  method  of  Lomheim 
and  DeShazer15  since  the  absorption  coefficient  for 
Nd3* :  BZAG  varies  dramatically  with  the  polarization  of 
the  incident  light.  The  spatially  averaged  integrated  ab¬ 
sorbance,  n  is 

r  =  -(l/L)  f  ln{l/3  exp(— a„(A)L]  +  2/3 

‘'band 

x  exp[-a^A)L]}dA  ,  (3) 


where  L  is  the  sample  length  and  a(A)  is  the  absorption 
coefficient.  To  determine  ^  the  v  and  a  transmittance 
spectra  (with  the  Fresnel  loss  removed)  were  merged  to¬ 
gether  and  integrated  as  given  by  Eq.  (3).  The  absorb¬ 
ances  were  converted  to  line  strengths,  S ^  by  using 
Eq.  (4): 


3ch(2J  +  1) 
8n3e2\p 


9ft 

(n2  +  2)2 


r, 


(4) 


where  A  is  the  mean  wavelength  of  the  band,  J  =  9/2  is  the 
angular  momentum  of  the  ground  *IV2  manifold,  and  p  is 
the  Nd3*  concentration  (2.9  x  10‘*  cm'3).  Values  for  the 
index  of  refraction  were  taken  from  Sellmeier’s  dispersion 
equations  (1)  and  (2)  and  were  averaged  in  the  same  man¬ 
ner  as  the  integrated  absorbances.  Table  3  shows  the 
spatially  averaged  absorbances  and  line  strengths  for  nine 
absorption  bands.  A  least-squares  fitting  of  to 
yields  values  for  the  Judd-Ofelt  parameters  of  na,«,#.  The 
radiative  lifetime  and  the  branching  ratios  of  the  4F3/2 
state  along  with  fla,«.e  are  given  in  Table  4. 

It  is  worthwhile  pointing  out  two  prominent  features 
from  this  analysis.  First,  the  branching  ratio  to  4/»,2  is  sig¬ 
nificantly  larger  in  Nd3+:BZAG  (41%)  than  in  Nd3>:YAG 
(— 30%),*  which  enhances  the  atimulated-emission  cross 
section  down  to  the  ground-state  manifold.  This  fea¬ 
ture  has  been  observed  in  another  melilite  crystal, 
Nd3+  :SrGdGa307,16  and  is  desirable  for  generating  0.9-jxm 


Fig.  10.  Energy  levels  and  fluorescence  lifetimes  for 
Nd3* :  BZAG. 
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Table  3.  Spatially  Averaged  Absorbances  and  Line  Strengths  (Measured  and  Calculated)  for  Nds+:BZAG 


Excited  J  Manifold 

4  (nm) 

T  (nm/cin) 

(AS)7 

‘Fm 

877 

3.910 

0.83 

1.12 

804 

14.434 

3.34 

3.20 

■■mm 

'Fm, 

746 

11.642 

2.90 

3.03 

0.0169 

*F»  j 

685 

1.029 

0.28 

0.21 

0.0049 

7h.,2 

627 

0.110 

0.03 

0.06 

0.0009 

^ M  i 

585 

18.019 

5.69 

5.70 

0.0001 

2^  1.1/2*  4('7/2. 

529 

5.223 

1.82 

1.62 

0.0400 

2Kl&2*  2Dh2,  2Gji/2 

467 

1.132 

0.44 

0.34 

0.0100 

*P  1-7 

431 

0.279 

0.12 

0.16 

0.0016 

'10  cm1;  rma  line  strength,  2.50  x  10'M  cm*;  ASfma  =  0.17  x  10'"  cm9;  rms  error,  6.8%. 


Table  4.  Judd-Ofelt  Parameters  and  Predicted 
Optical  Properties  of  Nds+  in  BZAG 


Judd-Ofelt  parameters 

02  =  3.22  x 

10*20  cm7 

fl4  =  3.86  x 

10'2°  cm2 

n,  =  4.31  x 

IQ'20  cm2 

‘Fj.j  Radiative  lifetime 

280  n sec 

Branching  ratios 
-  */», 
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radiation  from  Nd^-doped  laser  materials.  Second,  the 
radiative  lifetime  of  the  *FM  state  has  been  calculated  to 
be  280  .usec  and  is  within  experimental  error  of  the  fluo¬ 
rescence  lifetime  of  the  majority  A  site.  This  implies  that 
the  quantum  efficiency  of  the  *F3n  state  of  Nd3+ ;  BZAG, 
7),  =  iy/r,,  is  near  unity. 

Laser  Measurements 

Room-temperature  laser  action  was  achieved  in 
Nd3*:BZAG  at  1.064  /zm  in  both  the  side- and  end-pump 
geometries  with  three  different  laser  sources.  In  the 
aide-pump  configuration  the  pump  source  was  a  laser- 
diode  array  operating  at  806  nm  that  was  close-coupled  to 
the  rod;  it  was  described  in  a  previous  publication.17  The 
end-pump  sources  were  an  Allied  Technologies  MS600 
alexandrite  laser  (1.6  W)  operating  at  765  nm  and  a  1-W 
Coherent  699-29  Rhodamine  6G  dye  laser  operating  near 
690  nm.  For  alexandrite  end  pumping,  the  alexandrite 
laser  was  collimated  to  a  5-mm  diameter  and  operated 
long  pulse  (100  Msec)  at  4  Hz.  The  cw  dye  laser  was 
focused  into  the  rod  with  a  3-cm  focal-length  lens  and 
chopped  at  a  50%  duty  cycle  to  prevent  damage  to  the  coat¬ 
ings.  Pulsed  output  energy  was  measured  with  Laser 


Precision  RjP-734(6)  pyroelectric  joulemeters,  and  the 
temporal  output  was  monitored  with  a  Si  photodiode.  A 
Lexel  Model  504  power  meter  was  used  to  measure  the 
dye-laser  pump  power. 

The  laser  rods  were  fabricated  from  a  5-mm-diameter  x 
27-mm-long  sample  with  the  c  axis  nearly  perpendicu¬ 
lar  to  the  rod  faces.  The  optical  quality  of  the  material 
was  excellent,  and  the  optical  finishes  showed  no  water 
absorption  damage  after  more  than  15  years  of  storage. 
An  interferogram  of  this  stock  material  produced  a  peak- 
to-valley  distortion  of  0.156  wave,  with  a  rms  deviation  of 
0.027  wave  at  632  nm.  Two  rods  were  fabricated  to  a 
length  of  11  mm  and  were  broadband  antireflection 
coated  at  one  end  (centered  at  1.05  /zm)  and  highly  reflec¬ 
tion  coated  on  a  5-m  convex  radius  of  curvature  on  the 
other.  The  barrel  of  the  rod  was  polished  and  was  antire- 
fWtion  coated  for  the  806-nm  pump  wavelength  on  240° 
of  the  barrel  for  efficient  side  pumping.  The  rod  was 
mounted  in  a  polished  Cu  block  and  was  rotated  to  maxi¬ 
mize  absorption  and  laser  performance  at  1.06  /zm. 

Table  5  summarizes  the  experimental  results  for  these 
three  pump  wavelengths.  The  optical  slope  efficiencies  in 
Table  5  for  alexandrite  pumping  were  normalized  for  ab¬ 
sorbed  power  in  the  crystal  since  the  coating  was  partially 
reflective  for  the  pump  radiation.  Figure  11  shows  a 
comparison  between  alexandrite  end-pumped  Nd3+-doped 
BZAG  and  YAG  made  with  the  same  cavity  length  and 
output  coupler.  The  slope  efficiencies  for  Nd3*:YAG 
and  Nd3+:BZAG  were  59%  and  16%,  respectively.  The 
diode-array  side-pumping  performance  for  Nd3*:BZAG 
appears  in  Fig.  12.  The  slope  efficiency  of  22.8%  is  signifi¬ 
cantly  less  than  Nd3+ :  YAG's  value  of  47.7%  in  this  setup.17 
The  lower  efficiency  of  Nd3+:BZAG  is  attributable  to 
higher  resonator  losses  and  to  a  reduced  upper-state 
efficiency18  compared  with  those  of  Nd3<':YAG.  The 
round-trip  Findlay-Clay  losses  for  multimode  operation  of 
Nd3+ :  BZAG  were  measured  to  be  4%,  which  are  33%  higher 


Table  5. 

Laser  Performance  of  Nds+:BZAG  (1054  nm)  at  Three  Excitation  Wavelengths 

Pump  Laser 
Wavelength  (nm) 

Pump 

Geometry 

Cavity 

Length 

(cm) 

Pulse 

Duration 

Outcoupler 

Reflectivity 
(Radius  of  Curvature) 

Slope 

Efficiency 

(%) 

Diode  array  (806) 

Transverse 

10 

300  /zsec 

0.975  (64  cm) 

22.8 

Alexandrite  (765) 

Longitudinal 

15 

100  Msec 

0.975  (57  cm) 

16.4 

Rhodamine  6G  (690) 

Longitudinal 

3 

cw 

0,97  (6  cm) 

18.0 

11  uu 
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Fig.  11.  Laser  performance  of  Nd3* :  YAG  and  Nd3* :  BZAG  when 
alexandrite  laser  end  pumping  is  used. 
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Fig.  12.  Multimode  laser  output  as  a  function  of  input  energy  for 
a  5-mm-diameter,  U-mm-long  Nd3' :  BZAG  rod.  The  diode-array 
pulse  duration  is  300  psec. 


than  those  for  Nd3* :  YAG.17  YAG  doped  at  its  typical  Nd 
concentration  of  0.72  wt.  %  has  a  larger  absorption  coeffi¬ 
cient  than  Nd3* :  BZAG  used  in  this  study  (0.14  wt.  %).  In 
addition,  a  larger-diameter  (6.35-mm)  rod  of  Nd3*:YAG 
was  used,  enabling  a  larger  portion  of  the  input  energy  to 
be  absorbed. 

The  laser  performance  of  Nd3* :  BZAG  has  been  mea¬ 
sured  at  three  excitation  wavelengths.  Normalization  for 
the  quantum  defect  for  the  three  pump  wavelengths  in 
Table  5  results  in  comparable  quantum  slope  efficiencies 
at  806  nm  (30.0%)  and  590  nm  (32.2%)  but  is  significantly 
lower  at  755  nm  (22.9%).  Pumping  into  the  4F7,2,  *S3,2 
band  with  an  alexandrite  laser  has  been  shown  to  cause 
low  lasing  slope  efficiencies  owing  to  pump-wavelength- 
dependent  losses  in  Nd3*  — doped  BMAG.a  Excited-state 
absorption  of  the  pump  photons  can  excite  Nd3*  ions  to 
high-lying  'Dm  and  2D3/2  states  from  initial  levels  above 
'Fin-  This  creates  a  loss  mechanism  in  BMAG  and  possi¬ 
bly  may  well  do  so  in  BZAG. 


CONCLUSIONS 

A  spectroscopic  analysis  and  laser  study  of  Nd3* :  BZAG 
has  been  performed.  The  broad  absorption  spectrum  at 
800  nm  makes  BZAG  an  attractive  material  to  be  pumped 
by  laser  diodes.  The  305-usec  fluorescence  lifetime  is 
beneficial  for  high-energy  storage  and  efficient  Q-switch 


operation.  The  diode  array-pumped  slope  efficiency  was 
22.8%,  which  is  less  than  the  47.7%  value  determined  for 
Nd3*:YAG.  This  smaller  efficiency  is  attributed  to  less 
efficient  pump  coupling  owing  to  the  smaller-diameter 
Nd3*:BZAG  rod  and  higher  scattering  losses.  Diode- 
array-pump  efficiency  can  be  increased  by  improvement  in 
crystal  quality,  along  with  an  increase  in  the  Nd  con¬ 
centration  or  absorption  path  length  and  more  efficient 
pump  coupling. 


ACKNOWLEDGMENTS 

T.  H.  Allik  thanks  the  Cecom  Center  for  Night  Vision 
and  Electro-Optics  (CCNVEO)  for  financial  support  and 
C.  W.  Trussed  for  encouragement  in  this  project.  The  part 
of  this  research  conducted  at  Oklahoma  State  University 
was  sponsored  by  the  U.S.  Army  Research  Office.  The 
authors  thank  E.  J.  Sharp  (CCNVEO)  and  M.  Birnbaum 
(University  of  Southern  California)  for  the  samples  and 
L.  Thompson  (CCNVEO)  for  fabricating  and  polishing 
the  prism. 

'Present  address,  Center  for  Night  Vision  and  Electro- 
Optics,  Fort  Belvoir,  Virginia  22060-5677. 


REFERENCES 

1.  A.  A.  Kaminskii,  Laser  Crystals  (Springer-Verlag,  New  York, 
1981),  Vol.  14. 

2.  W.  Koechner,  Solid  State  Laser  Engineering,  2nd  ed. 
(Springer-Verlag,  Berlin,  1988),  pp.  28-34. 

3.  D.  J.  Horowitz,  L.  F.  Gillespie,  J.  E.  Miller  and  E.  J.  Shurp, 
“Laser  action  of  Nd3*  in  a  crystal  Ba2ZnGe207,”  J.  Appl. 
Phys.  43,  3527-3530  (1972). 

4.  M.  R.  Kokta,  Union  Carbide  Corporation,  WashouguJ,  Wash¬ 
ington  98671  (personal  communication). 

5.  N.  A.  Sirazhiddinov,  N.  N.  Mirbabaeva,  and  R.  G.  Greben¬ 
shchikov,  “Solid  solutions  in  the  Ba2ZnGe207-Sr2ZnGe207 
system,"  Russ.  J.  Inorg.  Chem.  19,  576-678  (1974). 

6.  S.  F.  Bartram,  “Crystal  structure  of  Y2SiBe207,”  Acta  Cryst. 
B  25,  791-795  (1969). 

7.  M.  Alam,  K.  H.  Gooen,  B.  Di  Bartolo,  A.  Linz,  E  Sharp, 
L.  Gillespie,  and  G.  Janney,  “Optical  spectra  and  laser  action 
of  neodymium  in  a  crystal  Ba2MgGez07,"  J.  Appl.  Phys.  39, 
4728-4730  (1968). 

8.  M.  J.  Ferry,  M.  L.  Kliewer,  R.  J.  Reeves,  R.  C.  Powell,  and 
T.  H.  Allik,  “Lasing  properties  and  excited  Btate  absorption  of 
Nd:  Ba2MgGe207,”  in  Digest  of  the  OSA  1989  Annual  Meet¬ 
ing  (Optical  Society  of  America,  Washington,  DC.,  1989), 
paper  FV4. 

9.  L.  G.  Van  Uitert,  Luminescence  of  Inorganic  Solids  (Aca¬ 
demic,  New  York,  1966),  pp.  470-475. 

10.  G.  Blasse  and  A.  Bril,  “Observations  on  the  luminescence  of 
some  oxides  containing  post-transition  metul  ions,”  Mat.  Res. 
Bull.  5,  231-242,  1970. 

11.  B.  R.  Judd,  “Optical  absorption  intensities  of  rare-eurth 
ions,"  Phys.  Rev.  127,  750-761  (1962). 

12.  G.  S.  Ofelt,  “Intensities  of  crystal  spectra  of  rure-eurth  ions," 
J.  Chem.  Phys.  37,  511-520  (1962). 

13.  W  F  Krupke,  M.  D.  Shinn,  J.  E.  Marion,  ,1.  A.  Caird,  and 
S.  E.  Stokowski,  "Spectroscopic,  optical,  and  thermomecham- 
cal  properties  of  neodymium-  and  chromium-doped  gadolin¬ 
ium  scandium  gallium  garnet,”  J.  Opt.  Soc.  Am.  B  3, 
102-113  (1986). 

14.  W.  F.  Krupke,  “Induced  emission  cross-sections  in  neodymium 
laser  glasses,”  IEEE  J.  Quantum  Electron.  QE-10,  450-457 
(1974). 

15.  T.  S.  Lomheim  and  L.  G.  DeShazer,  "Optical-absorption  inten¬ 
sities  of  trivalent  neodymium  in  the  uniaxiul  crystal  yttrium 
orthovanadate, ”  J.  Appl.  Phys,  49,  5517-6522  (1978). 


AUik  W  u /. 


Vul.  7,  No.  7/July  1UUU/J  Upi.  aoc.  n  m  » 


I  1/  I 


16.  H.  E.  Verdun,  L.  E.  Black,  G.  de  la  Fuente,  and  D.  M. 
Andrauskas,  “Growth  and  characterization  of  Nd-doped  alu- 
minatea  and  galiates  with  the  melilite  structure, ’’  in  Tunable 
Solid  State  Lasers,  M.  L.  Shand  and  H.  P.  Jenssen,  eds,.  Vol.  5 
of  OSA  Proceedings  Series  (Optical  Society  of  America, 
Washington,  D.C.,  1989),  pp.  405-407. 


17.  T.  H.  AUik,  W.  W.  Hovis,  D.  P.  Caffey,  and  V.  King,  “Efficient 
diode-array-pumped  Nd:YAG  and  Nd:Lu:YAG  lasers,"  Opt. 
Lett.  14,  116-118  (1989). 

18.  W.  Koechner,  Solid  State  Later  Engineering,  2nd  ed. 
(Springer-Verlag,  Berlin,  1988),  pp.  96-96. 


III. 


SPECTROSCOPIC  PROPERTIES  OE 


CHROMIUM— DOPED  LASER  CRYSTALS 

The  five  manuscripts  in  this  section  document  the  results  of 
four-wave  mixing  studies  of  Cr3+-dopeu  laser  crystals.  The  first 
paper  describes  results  obtained  on  alexandrite.  One  important 
aspect  of  this  work  is  the  theoretical  development  that  was  done 
to  understand  the  properties  of  four-wave  mixing  signals  of  ions 
in  solids.  This  has  resulted  in  the  characterization  of  long 
range  energy  transfer  among  the  chromium  ions  which  can  affect 
the  saturation  properties  of  the  material  during  optical  pumping. 
In  addition,  this  work  reports  the  identification  of  the 
relaxation  channel  between  the  pump  band  and  the  metastable  state 
which  has  not  been  previously  investigated. 

Similar  properties  were  studied  in  chromium-doped  emerald, 
several  garnet  crystals,  and  a  glass  ceramic  host.  The  work  on 
emerald  and  the  garnet  hosts  focused  on  characterizing  the  energy 
migration  and  on  the  identification  of  ions  in  different  local 
crystal  field  sites.  Laser-induced  color  centers  were  also 
reported  in  the  garnets.  In  the  class  ceramic  host  the 
investigation  focused  on  relaxation  processes. 

This  work  is  a  continuation  of  previous  studies  of  Cr3  + 
laser  materials.  The  data  base  being  pstablished  from  this  study 
is  providing  information  that  can  be  used  to  predict  the  spectral 
properties  Cr3  +  ions  in  other  laser  crystals.  On  important 
observation  from  this  work  is  that  non-random  distributions  of 
Cr3+  ions  are  present  in  most  materials  and  play  an  important 
role  in  determining  spectral  dynamics. 
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Laser-induced  grating  spectroscopy  of  alexandrite  crystals 
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Four-wave-mixing  techniques  were  used  to  establish  and  probe  population  gratings  of  Cr3+  ions 
in  alexandrite  crystals  at  temperatures  between  10  and  300  K.  The  results  were  interpreted  in  terms 
of  the  interaction  of  the  laser  radiation  with  a  two-level  atomic  system.  They  provide  information 
about  the  characteristics  of  four-wave-mixing  signals  for  this  physical  situation  as  well  as  being  use¬ 
ful  in  characterizing  the  properties  of  energy  transfer  and  dephasing  within  the  ensemble  of  CrJ  + 
ions.  The  patterns  of  the  transient  four-wave-mixing  signals  are  consistent  with  a  model  based  on 
the  pumping  dynamics  of  ions  in  the  mirror  and  inversion  crystal-field  sites.  The  variation  of  the 
signal  intensity  with  laser  power  is  strongly  affected  by  beam  depletion.  The  characteristics  of  exci- 
ton  migration  among  Cr)+  ions  in  mirror  sites  were  determined  from  the  results  of  measuring  the 
variation  of  the  signal  decay  rate  with  grating  spacing.  The  temperature  dependences  of  the  ion-ion 
interaction  rate,  the  exciton-phonon  scattering  rate,  and  the  diffusion  coefficient  were  determined. 

These  are  found  to  be  essentially  the  same  for  pumping  into  the  4T2  and  lE  levels,  but  the  effects  of 
scattering  from  a  grating  of  ions  in  inversion  sites  is  much  stronger  for  *T2  pumping.  The  dephas¬ 
ing  times  for  the  atomic  system  were  found  from  analyzing  the  variation  of  the  signal  intensity  with 
grating  spacing.  For  pumping  into  the  *T1  level  the  dephasing  is  dominated  by  radiationless  decay 
processes.  A  model  is  presented  for  the  decay  channel  that  provides  a  theoretical  explanation  for 
the  decay  process  which  is  consistent  with  the  measured  temperature  and  frequency  dependences  of 
the  results  as  well  as  their  variation  with  crystal-field  strength.  For  pumping  into  the  lE  level  the 
dephasing  is  dominated  by  dephasing  processes  associated  with  the  inhomogeneous  linewidth  of  the 
transition. 


I.  INTRODUCTION 

Four-wave  mixing  (FWM)  can  be  used  as  a  spectro¬ 
scopic  technique  by  establishing  excited-state,  spatial 
population  gratings  in  an  ensemble  of  atoms  or  mole¬ 
cules.1-4  We  have  recently  applied  this  laser-induced- 
grating  (L1G)  spectroscopy  method  to  the  study  of 
dynamical  processes  in  several  Cr3  + -doped  laser  crys¬ 
tals.5-8  The  results  have  been  useful  in  characterizing 
the  general  properties  of  energy  transfer,  radiationless  re¬ 
laxation,  and  excited-stati  absorption  in  these  materials 
under  specific  pumping  conditions.  The  work  reported 
here  extends  this  study  on  one  particular  material,  alex¬ 
andrite,  in  two  ways:  The  first  involves  the  development 
of  theoretical  models  to  understand  the  properties  of  the 
LIG  signal  for  this  specific  type  of  physical  situation:  the 
second  involves  additional  investigations  of  energy 
transfer  and  radiationless  relaxation,  including  both  the 
use  of  different  pumping  conditions  and  the  development 
of  more  rigorous  theoretical  models,  which  results  in  a 
more  detailed  understanding  of  the  characteristics  of 
these  processes. 

Alexandrite  is  an  important,  tunable,  solid-state  laser 
material  consisting  of  Cr3  +  ions  substituted  for  Al3  +  ions 
in  a  chrysoberyl  host  crystal,  BeAI204.9  The  sample  used 
in  this  investigation  contained  1.14X1019  cm-1  Cr3  + 
ions.  There  are  two  nonequivalent  crystal  field  sites  for 
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the  aluminum  ions  in  the  chrysoberyl  lattice,  one  having 
mirror  symmetry  and  one  with  inversion  symmetry.  Ap¬ 
proximately  78%  of  the  Cr3  +  ions  occupy  mirror  sites 
and  22%  occupy  inversion  sites.10  The  optical  spectro¬ 
scopic  properties  of  Cr3+  ions  in  each  type  of  site  have 
been  reported  previously.11-13 

Previous  LIG  results  on  alexandrite  demonstrated  the 
ability  to  establish  gratings  in  either  mirror  or  inversion- 
site  ions  by  pumping  into  the  4T2  levels  of  the  ions  in 
these  two  types  of  sites.5,8  The  gratings  were  found  to  be 
dominated  by  the  difference  in  the  dispersion  contribu¬ 
tion  to  the  refractive  index  when  the  Cr  +  ions  are  in  the 
excited  state  versus  the  ground  state,  with  the  contribu¬ 
tion  due  to  the  difference  in  the  ground-  and  excited-state 
absorption  cross  sections  consistent  with  the  results  of 
direct  excited-state  absorption  measurements.14  The 
presence  of  exciton  diffusion  among  the  Cr3+  ions  in  mir¬ 
ror  sites  was  observed  below  150  K  and  the  diffusion 
coefficient  was  found  to  increase  as  temperature  was 
lowered.  The  dephasing  times  of  the  LIG  signals  were  at¬ 
tributed  to  radiationless  relaxation  processes  occurring 
after  pumping  into  the  4T2  level  and  the  rate  of  these  pro¬ 
cesses  was  found  to  be  different  with  different  local  crys¬ 
tal  fields  for  the  Cr3+  ions.  Although  these  results 
demonstrated  the  general  properties  of  laser-induced  pop¬ 
ulation  gratings  in  alexandrite  crystals,  they  left  several 
unanswered  questions  about  the  observed  transient  and 

6227 


©1988  The  American  Physical  Society 


6228 


GILLILAND,  SUCHOCKI,  VER.  STEEG,  POWELL,  AND  HELLER 


38 


equilibrium  L1G  signal  characteristics  and  did  not  pro¬ 
vide  complete  details  of  the  exciton  dynamics  and  radia¬ 
tionless  relaxation  processes  in  this  material.  Some  of 
these  questions  are  addressed  in  the  following  sections. 

The  detailed  description  of  the  LIG  experimental  setup 
was  reported  previously. 5  The  two  excitation  beams  of 
the  same  frequency  were  provided  by  either  an  argon-ion 
laser  or  an  argon-ion-laser-pumped  dye  laser.  A  He-Ne 
laser  was  used  for  the  probe  beam.  The  dynamical 
response  of  the  I.IG  signal  was  monitored  by  using  a 
mechanical  chopper  to  interrupt  the  pump  beams  while 
processing  the  signal  beam  with  an  EG&G  Princeton  Ap- 
plied  Research  (PAR)  signal  averager.  For  measure¬ 
ments  of  the  steady-state  LIG  signal,  the  probe  beam  was 
chopped  and  an  EG&G  PAR  lock-in  amplifier  was  uti¬ 
lized  to  improve  the  signal-to-noise  ratio. 


nonlinear  susceptibility  of  the  material.  This  theoretical 
approach  to  the  FWM  scattering  efficiency  predicts  a 
quadratic  dependence  on  pump  power  for  laser  intensities 
below  the  saturation  intensity,  /</5.  Recently  this 
theory  was  extended  to  apply  to  the  geometrical  situation 
used  here.17  The  system  is  modeled  as  an  ensemble  of 
two-level  atoms,  and  the  fields  are  assumed  to  be  plane 
waves.  This  is  only  an  approximation  to  the  actual  case 
of  focused  Gaussian  beams  in  a  multilevel  system,  but  the 
results  predicted  from  this  model  are  useful  in  under¬ 
standing  the  spectral  and  FWM  dynamics.  This  model 
and  the  model  of  Abrams  and  Lind15  start  with  the  same 
assumptions,  but  the  theoretical  development  of  the  two 
models  differ. 

For  a  two-level  system  the  polarization  can  be  ex¬ 
pressed  as 


II.  EQUILIBRIUM  POWER  DEPENDENCE 
AND  LIG  SIGNAL  TRANSIENTS 

In  order  to  fully  understand  the  characteristics  of  sig¬ 
nals  observed  in  LIG  spectroscopy  involving  population 
gratings,  two  theoretical  models  are  required.  The  first 
involves  the  formalism  describing  the  mixing  of  the  four 
electromagnetic  fields  in  the  sample  due  to  coupling 
through  the  nonlinear  complex  refractive  index  of  the 
material  The  second  involves  (he  formalism  describing 
the  pumping  dynamics  of  the  atomic  system  interacting 
with  the  laser  beams.  The  laser  pump  beams  interact 
with  the  atomic  ensemble  through  a  resonant  electronic 
transition,  thus  changing  the  population  distribution  of 
atoms  in  different  electronic  levels.  Since  the  complex  re¬ 
fractive  index  of  the  system  depends  on  the  relative  occu¬ 
pation  of  the  various  energy  levels,  this  pumping  provides 
the  laser-induced  modulation  of  the  refractive  index, 
which  gives  the  coupling  mechanism  for  the  electric 
fields.  The  interference  pattern  of  the  two  crossed  laser 
pump  beams  results  in  a  sine-wave  spatial  distribution  of 
the  excited-state  population,  and  thus  in  a  refractive  in¬ 
dex  grating  of  the  same  shape.  The  model  for  the  non¬ 
linear  interaction  of  the  laser  beams  with  the  atomic  sys¬ 
tem  is  essentially  the  same  for  all  FWM  applications. 
T  his  is  important  in  describing  LIG  spectroscopy  resuits 
obtained  under  equilibrium  pumping  conditions  such  as 
the  power  dependence  of  the  signal  strength  as  described 
in  this  section  and  the  dephasing  time  of  the  signal  as  de¬ 
scribed  in  Sec.  IV.  The  additional  model  describing  the 
pumping  dvnamics  of  the  atomic  system  is  required  to  ex¬ 
plain  toe  hansient  response  of  the  LIG  signal  as  de¬ 
scribed  in  this  section  and  to  characterize  the  effects  of 
transient  physical  processes  such  as  energy  transfer  or  ra¬ 
diationless  relaxation  as  described  in  the  following  two 
sections. 


P[E0+±E)  =  e‘“"X(E{)) 
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where 


X(E)  =  —  2(a„/A)[(/  +8)/(l  +52+  |£/£s|2)]  (2) 


6  is  the  normalized  detuning  from  line  center,  a()  is  the 
line-center  small-signal  attenuation  coefficient,  E ,  is  the 
saturation  field,  /,  is  the  saturation  intensity, 
E()  =  Ea+  Eb,  and  &E~Ep  +  £a  and  Eh  represent 
the  write  beams,  Ep  represents  the  probe  beam,  and  /T, 
represents  the  signal  beam.  Assuming  plane  waves  for  all 
of  the  fields  and  equal  intensities  for  the  write  beams 
(/„=/,,),  using  the  slowly  varying  envelope  approxima¬ 
tion,  and  solving  the  wave  equation 
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where 


i,vl=te 


(4) 


leads  to  two  coupled  equations  for  the  fields.  Solving 
these  equations  yields  an  expression  for  the  scattering 
efficiency  given  by 17 

( /  //,  )2(  1  +  2/  //,  )2exp[  2  a0L  /(l  +  52 )  ] 

([( I  -f  2///s )  — 2(///s  )2](secd  —  1  )|2 

X  |exp(  —2  £rL  )  ex  p(  —2  $RL  seed) 

—  2  cxp[  —  1  -fsecdlL  Jcosls/t  1  —seed)/.  ]|  , 

(5) 


A.  Equilibrium  power  dependence 

The  pump  power  dependence  of  the  FWM  scattering 
efficiency  is  important  in  understanding  the  observed  sig¬ 
nals  in  LIG  spectroscopy.  The  standard  approach1'16  in 
studying  the  dynamics  of  the  transient  grating  formation 
is  to  model  the  system  explicitly  using  the  nonlinear  wave 
equation  which  couples  the  electric  fields  through  the 


where 

+'5  / 

I-/S  [  I  T  2/  //,  -  2(  ///,  )2] 

<l,)  I  t- ft2  [( I  -i-2///,  )2— 4(7//,  )2]J/2 

Equation  (5)  can  be  simplified  somewhat,  if  | 
small  and  0  is  not  very  large,  yielding17 


a.  i  is 
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gg/(l  +S:)}(///1)2(1  +  2///s)2L2exp(-  2£RL  )exp[ la^L  /(1+S2)]! 
^  [(1  +2I/Is)2-4(I/!5)2]} 


[  1  +gHH  1  —  sec0)]  . 


(7) 


For  I  «/s  this  equation  shows  that  the  FWM  scattering 
efficiency  depends  quadratically  upon  the  write-beam 
power.  In  both  equations  t;  decreases  with  increasing  6. 

Figure  1  shows  t he  FWM  relative  scattering  intensity 
as  a  function  of  the  laser  p<  wer  in  each  of  the  write 
beams  for  direct  excitation  of  he  2  A  sublevel  of  the  split 
2E  state.  The  LIG  was  formed  by  crossing  two  laser 
beams  from  an  argon-ion-pumped  jet  dye  laser  using 
DCM  [4-(dicyanomethylene)-2-methyl-6-(/J-dimethyl- 
amino-styryl)-4//-pyran]  dye  tuned  to  677.8  nm.  Using 
the  measured  lifetime,  absorption  cross  section,  and  ab¬ 
sorption  wavelength  for  this  transition  (2.3  ms, 
8.5X10-20  cm2,  and  677.8  nm,  respectively)  the  satura¬ 
tion  intensity  is  approximately  1500  W/cm2.  The  dashed 
line  in  Fig  1  is  the  best  lit  to  the  data  using  Eq  (7)  with 
/,  =  1500  W/cm2.  The  theoretical  curve  has  a  slope  of 
two,  while  the  data  has  a  less-than-quadratic  dependence 
on  write-beam  power.  The  solid  line  in  the  figure  is  the 
best  fit  to  the  data  using  the  full  scattering  efficiency  ex¬ 
pression,  Eq.  (5),  with  the  same  value  for  /,.  The  theoret¬ 
ical  fit  to  the  data  is  quite  good,  showing  a  departure 
from  the  quadratic  power  dependence  at  high  powers. 

The  difference  between  the  two  expressions  used  to  fit 
the  data  in  Fig.  1  is  a  result  of  the  simplifying  assumption 
made  in  deriving  Eq.  (7)  from  Eq.  (5).  The  assumption 
made  is  that  |  |L  |  is  small.  Since  the  absorption  line  ex¬ 
cited  is  quite  narrow  ( ~  1  cm1)  and  the  laser  linewidth  is 
approximately  of  the  same  width  (0.7  cm-1),  it  can  be  as¬ 
sumed  that  the  imaginary  part  of  5  is  zero  since  the  nor¬ 
malized  detuning  parameter  is  zero.  represents  the 
laser-induced  change  ill  the  absorption  coefficient.  The 
results  presented  above  imply  that  the  laser  induced 
change  in  the  absorption  coefficient  is  not  negligible  for 


FIG.  1.  FWM  relative  scattering  intensity  of  Cr‘ '  ions  in 
nurror  sites  in  alexandrite  as  a  function  of  the  laser  power  of 
each  write  beam  for  direct  excitation  of  the  2.1  sublevel  of  the 
:f:  slate  at  50  K  The  dashed  anti  solid  lines  represent  Ihe 
theoretical  fits  from  Fqs.  (7)  ami  15),  respectively 


these  experimental  conditions.  This  causes  additional 
beam  depletion  which  is  evident  in  the  experimental  re¬ 
sults. 

Experimental  measurements  of  the  power  dependence 
of  the  FWM  signal  pumping  into  the  4 /’,  level  of  the  mir¬ 
ror  sites  have  been  done  previously.5,8  A  slight  satura¬ 
tion  is  evident  in  the  data.  This  departure  from  quadratic 
power,  dependence  is  also  a  result  of  the  laser-induced 
change  in  the  absorption  coefficient  and  not  a  purely  sat¬ 
uration  effect  since  the  power  of  the  write  beams  was 
much  less  than  the  saturation  intensity. 

R.  Transient  LIG  signal  patterns 

Transient  FWM  signals  have  many  unique  features 
that  distinguish  them  from  steady-state  FWM  signals. 
Abrams  and  Lind15  have  studied  steady-state  FWM  pro¬ 
cesses  theoretically,  and  Silberberg  and  Bar-Joseph18 
have  extended  their  steady-state  solutions  to  the  treat¬ 
ment  of  the  transient  FWM  response  of  a  saturable  ab¬ 
sorber.  As  mentioned  earlier,  the  FWM  signal  in  alexan¬ 
drite  crystals  is  a  result  of  scattering  of  the  probe  beam 
from  a  laser-induced  grating  that  is  predominantly 
dispersive.  Although  the  results  of  Abrams  and  Lind15 
apply  to  absorption  gratings,  dispersion  gratings,  or  a 
mixed  grating,  the  theoretical  treatment  of  the  lime  evo¬ 
lution  of  the  FWM  signal  in  the  presence  of  all  three  laser 
beams  has  only  been  applied  to  pure  absorption  grat¬ 
ings.18-20  In  this  section  the  theoretical  treatment  of  the 
time  evolution  of  the  FWM  signal  is  extended  to  the  case 
of  a  mixed  grating,  and  the  results  are  used  to  analyze  Ihe 
transient  LIG  signal  from  CrJ  4  population  gratings  of 
ions  in  both  types  of  crystal-field  sites  in  alexandrite. 

Assuming  a  three-level  atomic  system,  where  the  relax¬ 
ation  between  the  level  directly  excited  and  the  metasta¬ 
ble  level  is  fast  and  the  lifetime  of  the  metastable  level  is 
relatively  long,  the  rate  equation  for  the  ground-stale 
population  density  is 

-7 -  =  —  (0/ /fico)s0  +  (S  —  s0  )/t  .  (8) 

at 

In  Eq.  (8)  a  is  the  absorption  cross  section,  /  is  the  laser 
intensity  of  each  write  beam  of  frequency  to,  S  is  the  total 
population  of  ions,  and  r  is  the  lifetime  of  the  metastable 
level.  This  model  adequately  describes  the  dynamics  of 
Cr54  ions  when  the  4T2  level  is  pumped,  followed  by  a 
fast  nonradiative  decay  to  the  lE  level  which  has  a  rela¬ 
tively  long  lifetime  (2.3  ms  at  12  K).  The  solution  of  Eq. 
(8)  assuming  a  step  function  for  the  laser  intensify  with 
the  initial  condition  that  1  (t  =0)—0  ts 

s„(r)  1  f  (///,  )exp[  —  (f/r)(  1  4-///  )] 

- _ -  i<)| 

s  if/  //, 

where  /,  =(/uu/ar)  is  the  saturation  intensity.  It  is  im¬ 
portant  to  note  that  the  tune  development  of  the  system 
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depends  upon  the  saturation  intensity  and  write-beam  in¬ 
tensity. 

Following  the  treatment  of  Abrams  and  Lind15  in 
which  the  four  fields,  two  write  beams,  the  probe  beam, 
and  the  signal  beam,  are  assumed  to  be  plane  waves,  and 
the  interaction  between  the  fields  takes  place  through  the 
complex  susceptibility  X  the  interaction  is  expressed  in 
terms  of  (he  wave  equation,  Eq.  (3).  The  complex  suscep¬ 
tibility  can  be  expressed  in  terms  of  the  complex  index  of 
refraction  ft  =  /7  +  i{a/2k)  as 

A'  —fl  2  —  1  —  a2 /4k2  +  Had  /k)  ,  (10) 

where  k  is  the  magnitude  of  the  wave  vector  of  the  write 
beams,  fl  is  the  index  of  refraction,  and  a(t)  =  os(t)  is  the 
time-dependent  absorption  coefficient.  Using  the  non¬ 
linear  index  of  refraction 

fl(t)  =  n  +  s2(U(  A/t  )  ,  (11) 

where  //  is  the  normal  index  of  refraction,  and  An  is  the 
change  in  the  index  of  refraction  due  to  the  presence  of 
_ _ _ _ _ I 


an  ion  in  the  excited  state  i*  is  evident  that  both  the  real 
and  imaginary  parts  of  the  susceptibility  and  hence  the 
FWM  interaction  are  time  dependent.  The  expression  for 
the  FWM  scattering  intensity  is15 

7;=  |  k  sin(AL  )  |  2/ |  Acos(AL  )+TRsin(AL)  | 2  (12) 

where  A  =  (  |  k  J  2-T2)i/2,  l  js  t]ie  length  of  the  sample, 
Tr  is  the  real  part  of  T,  where 

TU)  =  (k/2i)(X+IsPdX/dI)  ,  (13) 

K*(t)  =  ikIsPdX/dI  ,  (14) 

and  P  =  4(//7j)cos20.  d  is  the  angle  between  the  two 
write  beams.  It  is  important  to  note  that  the  FWM  pro¬ 
cess  is  a  result  of  the  term  dX  /dl,  so  that  if  X  is  indepen¬ 
dent  of  /  then  there  is  no  FWM  signal  generated.  Be¬ 
cause  only  the  real  part  of  T  appears  in  the  expression  for 
t),  only  the  terms  TR,  kr,  and  k,  need  to  be  calculated. 
Using  Eqs.  ( 10)— ( 14)  the  absorption  and  coupling 
coefficients  become 


T.(f)  =  - 


kr(i)  =  ~kP 


S(An)ii+S[/ur+S(Aii  )g]  1  ±P  exP[  /t{  1  +p)] 
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(17) 


Equations  ( 1 5)  —  ( 1 7)  have  contributions  from  an  absorp¬ 
tion  grating,  a  dispersion  grating,  and  a  mixed  grating. 

Previous  theoretical  work15-*0  has  shown  that  for 
small  write-beam  intensities  the  LIG  scattering  efficiency 
increases  quadratically  with  pump  intensity,  but  that  it 
saturates  at  higher  intensities.  In  the  steady  state,  the 
maximum  LIG  signal  is  obtained  for  I  approximately 
equal  to  /t.  l!  Dwever,  the  transient  LIG  signal  can  be 
much  larger  than  the  steady-state  LIG  signal.  When 
/  <  /,  the  LIG  is  predicted  to  increase  monotonically  to 
its  steady-state  value,  but  when  /  >  /,  the  transient  LIG 
signal  peaks  at  short  times  at  a  value  greater  than  the 
steady-state  LIG  signal  and  then  decays  to  the  steady- 


I  — — - • 

state  value.  The  temporal  behavior  of  the  transient  LIG 
signal  for  the  case  of  a  mixed  or  purely  dispersive  grating 
is  similar  to  the  case  of  a  pure  absorption  grating. 

Alexandrite  is  an  ideal  candidate  for  studying  the 
effects  of  saturation  on  the  spectral  dynamics.  The  pa¬ 
rameter  P  directly  affects  the  time  dependence  of  the  LIG 
signal,  and  P  is  a  function  of  several  LIG  variables  and 
constants  of  the  material  including  the  lifetime  of  the  ex¬ 
cited  state.  The  lifetime  of  the  mirror-site  ions  ranges 
from  2.3  ms  to  290  ps  at  temperatures  of  12  to  300  K, 
whereas  the  lifetime  of  the  inversion  sites  ranges  from  63 
to  44  ms  over  the  same  temperature  range.1112  Another 
method  of  varying  P  is  by  changing  the  period  of  the 
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grating  or  the  angle  between  the  write  beams.  For  these 
reasons  it  is  possible  to  vary  the  saturation  intensity,  and 
hence  the  parameter  P  which  appears  in  the  expressions 
for  the  absorption  coefficient  and  coupling  constants. 

The  transient  LIG  signal  for  the  inversion-site  ions 
shows  a  transient  peak  which  is  dependent  on  several  pa¬ 
rameters.  Figure  2  shows  the  normalized  transient  LIG 
signal  at  30  K  for  various  powers  of  the  write  beams. 
The  data  was  normalized  because  it  is  very  difficult  to 
determine  the  absolute  scattering  efficiency,  and  the 
shape  of  the  FWM  transient  is  the  only  thing  needed  for 
the  theoretical  fits.  The  solid  line  is  the  theoretical  fit  to 
the  data  using  Eqs.  (12)  and  ( 1 5)— ( 17)  and  treating  a  and 
An  as  adjustable  parameters.  Figure  3  shows  the  transient 
FWM  signal  for  several  temperatures  and  write  beam 
crossing  angles  at  constant  write  beam  laser  power,  along 
with  the  theoretical  fits.  The  theoretical  fits  accurately 


FIG  2.  Normalized  transient  LIG  signal  for  Cr2t  ions  in  in¬ 
version  sites  as  a  function  of  time  at  30  K  for  various  write- 
bearn  powers:  (a)  714  W/enr,  lb)  281  W/citi2,  (c)  45  W/cin2. 
The  dashed  lines  represent  the  data  and  solid  lines  represent  the 
theoretical  fits  using  Eq.  M2). 


model  the  transient  LIG  signal  as  a  function  of  tempera¬ 
ture,  crossing  angle,  and  laser  power.  The  temperature 
dependence  is  a  result  of  the  temperature  dependence  of 
the  excited-state  lifetime.  The  values  obtained  for  a  and 
An  from  these  fits  are  0.5±0. 1 X  10-20  cm2  and 
2. Ox  10-23  cm3,  respectively.  Using  these  values,  the  sat¬ 
uration  intensity  is  900  W/cm2. 

This  value  for  the  absorption  cross  section  for  the  in¬ 
version  site  ions  at  488  nm  is  consistent  with  the  upper 
limit  of  l.OxlO-20  cm2  obtained  from  absorption  mea¬ 
surements.11-13  It  is  difficult  to  distinguish  the 
inversion-site  absorption  contribution  from  the  mirror- 
site  absorption  since  the  emission  and  absorption  proper¬ 
ties  of  alexandrite  are  dominated  by  the  mirror-site  ions.9 

In  order  to  compare  the  laser-induced  change  in  the  in¬ 
dex  of  refraction  obtained  here  with  the  results  of  other 
measurements,5,3  it  is  necessary  to  calculate  the  steady- 
state  value  of  An,  denoted  by  A nSi,  and  given  by 

AniS  =  An[S(I/lI)/(l+I//s)]  .  (18) 

For  7  =  100  W/cm2,  A equals  5.0x  10-6.  This  is  an 
order  of  magnitude  smaller  than  the  value  obtained  from 
other  measurements5,3  of  Anss,  but  all  of  the  data  are 
consistent  with  the  statement  given  earlier  that  the  grat¬ 
ings  formed  are  dispersion  gratings.  It  should  be  noted 
that  the  steady-state  value  of  the  theoretical  signal  inten¬ 
sity  is  smaller  than  the  experimental  value  at  large  excita¬ 
tion  intensities.  This  contributes  to  the  discrepancy  in 
the  values  of  An. 

The  same  type  of  measurements  were  repeated  for  the 
mirror-site  ions.  The  4T2  level  of  the  mirror  site  ions  was 
pumped  by  an  argon-ion  pumped  dye  laser  with  Rhodam- 
ine  6G  as  a  dye.  The  results  of  the  measurements  are 
similar  to  the  low-power  measurements  for  the  inversion 
site  ions.  There  is  no  transient  peak  formed,  and  the  sig¬ 
nal  increases  monotonically  to  its  steady  state  value. 
This  can  be  understood,  in  contrast  to  the  inversion  site 
results,  as  a  result  of  two  things.  First,  the  laser  output 
from  the  ring  dye  laser  was  less  than  the  maximum  power 
output  of  the  argon-ion  laser  at  488  nm  by  a  factor  of  3. 
Second,  the  saturation  intensity  for  the  mirror-site  ions  is 
greater  than  the  saturation  intensity  of  the  inversion-site 
ions.  This  is  a  result  of  the  difference  in  lifetimes  and  ab¬ 
sorption  cross  sections.  The  saturation  intensity  for  the 
mirror-site  ions  is  estimated  to  be  approximately  1200 
W/cm2  at  12  K  and  increases  with  temperature  due  to 
the  decrease  in  the  lifetime  with  temperature.  Therefore, 
it  is  not  surprising  that  no  transient  peak  was  observed  in 
the  mirror-state  LIG  signal. 

III.  ENERGY  TRANSFER 

Laser-induced  grating  spectroscopy  has  been  used  to 
characterize  the  properties  of  long-range  energy  migra¬ 
tion  among  Cr1 1  ions  in  mirror  and  inversion  sites  in 
alexandrite.5,3  The  previous  measurements  were  per¬ 
formed  using  either  an  argon-ion  laser  or  argon-ion- 
pumped  ring  dye  laser  with  Rhodamme  6G  dye  for  the 
pump  beams.  Both  of  these  are  resonant  with  the  4 T,  ab¬ 
sorption  band  of  the  mirror  or  inversion-site  ions.  These 
LIG  measurements  were  extended  in  the  work  described 
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FIG.  3.  Normalized  transient  L1G  signal  for  Cr31-  ions  in  inversion  sites  for  several  temperatures  and  write-beam  crossing  angles 
at  constant  write-beam  laser  power,  (a)  T  =  300  K  and  6=1.9",  (b)  T  =  30  K.  and  0=10.2*,  (c)  T  =  300  K.  and  0=10.2",  and  (d) 
T  =  30  K  and  0  =  6.3°.  The  dashed  lines  represent  the  data  and  the  solid  lines  represent  the  theoretical  fits  using  Eq.  (12). 


here  to  the  case  of  direct  excitation  into  the  2/1  sublevel 
of  the  2E  stale  of  I  lie  mirror-site  ions.  The  population 
grating  in  the  2 /s'  state  was  established  by  crossing  two 
laser  beams  from  an  argon-ion-pumped  jet  dye  laser  using 
DCM  dye  tuned  to  677.8  tint.  In  addition  experiments 
were  performed  using  crossed  laser  beams  from  both  the 
argon-ion  laser  and  argon-ion-pumped  ring  dye  laser  to 
simultaneously  establish  gratings  in  both  mirror  and  in¬ 
version  site  ions  in  order  to  determine  the  effects  of  the 
dual  gratings  on  the  LIG  signals. 

It  was  reported  earh  r5  that  the  FWM  signal  decay  ki¬ 
netics  were  nonexponentia)  for  excitation  into  the  *T2 
level  of  the  mirror-site  ions.  The  long-time  portion  of  the 
decay  curves  was  found  to  approach  the  decay  time  ex¬ 
pected  for  an  inversion-site  grating  and  was  attributed  to 
an  inversion-site  gratiivg  formed  as  a  result  of  weak 
inversion-site  absorption.  In  the  data  presented  below  for 
direct  excitation  of  the  2E  level  of  the  mirror-site  ions  no 
long-time  tail  is  evident. 

In  order  to  use  LIG  spectroscopy  to  study  energy  mi- 
gra,;on  among  Cr3  +  ions  the  grating  decay  rate  is  mea¬ 
sured  as  a  function  of  the  grating  spacing. 21,22  The  grat¬ 
ing  spacing  is  related  to  the  total  crossing  angle  of  the 
write  beams  by 

A  =  A. /[ 2  sin( 0/2 ) ]  ,  (19) 

where  9  is  the  total  crossing  angle  between  the  write 
beams  and  A  is  the  write-beam  wavelength.  As  the  grat¬ 
ing  spacing  decreases  energy  migration  from  the  peak  to 
the  valley  of  the  grating  becomes  more  efficient  in  des¬ 
troying  the  LIG.  For  the  initial  conditions  relevant  to 
this  experimental  case,  the  time  dependence  of  the  nor¬ 
malized  transient-grating  signal  in  the  presence  of  energy 


migration  processes  is  given  by23 


/,( / )  =  ex p(  —2 1  /t) 


7n(bt)exp(  —at) 

/co 

du  exp[  —  ail  —  t/)] 
xT0(/>(t2  — it2)l/2) 


(20) 


where  r  is  the  fluorescence  lifetime,  a  is  (he  exciton 
scattering  rate,  J0  is  the  Bessel  function  of  order  zero, 
and  b  is  given  by 

b=4Fsin[(2mj/A)sin(0/2)]  ,  (21) 


where  V  is  the  nearest-neighbor  ion-ion  interaction  rate, 
a  is  the  average  distance  between  active  ions,  A  is  the  ex¬ 
citation  wavelength  and  B  is  the  crossing  angle  between 
the  write  beams  (both  in  air).  The  exciton  dynamics  can 
be  characterized  by  these  parameters  in  terms  of  the 
diffusion  coefficient,  the  mean  free  path,  the  diffusion 
length,  the  coherence  parameter,  and  the  number  of  sites 
visited  between  scattering  events  given  by 


D=2V2a2/a  , 

(22) 

Lm=^~2Va/a  , 

(23) 

Ld=(2Dr)wl  , 

(24) 

C  =  b/a  , 

(25) 

'Vj  =Lm  /a  , 

(26) 

respectively. 
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A.  Results  for  *T2  excitation 

For  the  grating  formed  by  excitation  into  the  4T2  level 
of  the  mirror-site  ions  the  decay  of  the  signal  is  nonex¬ 
ponential.  The  initial  part  of  the  decay  is  consistent  with 
the  predicted  decay  of  a  mirror-site  grating  and  the  long¬ 
time  part  of  the  decay  is  consistent  with  the  predicted  de¬ 
cay  of  an  inversion  site  grating.  The  angular  dependence 
of  the  grating  decay  pattern  shows  that  at  large  crossing 
angles  the  long-time  decay  is  very  weak  or  no  longer 
present.  This  is  shown  in  Fig.  4. 

The  concentration  of  inversion-site  Cr3  +  ions  in  the 
sample  is  2.5XI018  cm-3.  Assuming  a  uniformly  ran¬ 
dom  distribution  of  ions,  this  implies  an  average  separa¬ 
tion  of  457  nm  between  inversion-site  Cr3+  ions.  The  an¬ 
gles  used  in  the  measurements  ranged  from  2°  to  approxi¬ 
mately  28*.  This  gives  grating  spacings  ranging  from  1.2 
to  16  pm.  The  spatial  dependence  of  the  grating  is  given 
by 

n(x,Q)=s[cosikgx )  +  1 )  ,  (27) 

where  kg=2n/\  is  the  grating  k  vector,  and  nix, 0)  is 
the  exciton  concentration  at  t  =0.  The  characteristic 
wiJiii  of  a  giutir.g  peak  is  A.  For  a  grating  spacing  of  16 
fim  this  implies  a  linear  density  of  35  inversion-site  Cr3  + 
ions  per  grating  peak.  For  a  grating  spacing  of  1.2  pm 
the  linear  density  of  inversion-site  Cr3+  ions  is  2.6  per 
grating  peak.  This  clearly  shows,  under  the  above  as¬ 
sumptions,  that  the  number  of  inversion-site  ions  per 
peak  of  the  grating  decreases  with  increasing  crossing  an¬ 
gle  (decreasing  grating  spacing),  and  as  a  result,  the 
inversion-site  grating  signal  decreases  in  intensity  with  in¬ 
creasing  crossing  angle. 

In  order  to  conclusively  establish  that  the  observed 
long-time  part  of  the  decay  patterns  is  a  result  of  the 


FIG  4  The  L1G  signal  decay  for  excitation  of  the  mnror- 
si te  Cr2  *  ions  into  the  *  r2  level  at  30  K.  at  two  dilTerent  write- 
beam  crossing  angles.  The  dashed  line  is  0=3.5°;  die  solid  line 
is  0  =  23° 


TUT 

simultaneous  formation  of  an  inversion-site  grating  along 
with  the  mirror  site  grating,  the  following  experiment 
was  performed.  A  mirror  site  grating  and  an  inversion 
site  grating  were  formed  simultaneously  in  the  same  re¬ 
gion  in  the  sample  by  using  two  different  sets  of  pump 
laser  beams  as  described  earlier.  A  single  He-Ne  beam 
was  used  to  probe  the  dual  grating.  Because  the  fringe 
spacings  of  the  two  gratings  are  not  exactly  the  same  due 
to  the  different  laser  frequencies  used  to  write  the  grat¬ 
ings,  it  was  necessary  to  keep  the  crossing  angle  between 
the  two  sets  of  overlapping  write  beams  very  small  so 
that  a  single  probe  beam  can  approximately  match  the 
Bragg  condition  for  both  gratings  simultaneously.  The 
decay  kinetics  of  the  resulting  dual  grating  were  mea¬ 
sured  by  chopping  both  sets  of  pump  beams  and  record¬ 
ing  the  dual  LIG  signal.  The  results  are  shown  in  Fig.  5. 
The  decay  pattern  is  similar  to  the  small-angle  decay  pat¬ 
tern  for  4F2  pumping,  shown  in  Fig.  4.  This  confirms 
that  the  long-time  part  of  the  decay  for  4T2  pumping  is 
due  to  the  presence  of  an  inversion-site  grating. 

B.  Results  for  1E  excitation 

The  FWM  signal  decay  kinetics  of  the  mirror-site  grat¬ 
ing  formed  by  direct  excitation  of  the  2E  level  were  also 
found  to  be  dependent  on  the  grating  spacing  and  tem¬ 
perature.  Several  approaches22-  24  have  been  used  to 
theoretically  analyze  the  transient  grating  kinetics  in  the 
presence  of  energy  transfer.  Kenkre23,24  has  treated  the 
case  for  the  effects  of  partially  coherent  exciton  migra¬ 
tion,  with  the  initial  conditions  relevant  to  the  experi¬ 
ments  described  here.  His  results  are  derived  from  the 
generalized  master  equations  using  the  assumption  that 
the  initial  density  matrix  for  the  system  is  diagonal.  This 
is  the  situation  encountered  in  systems  with  localized  ex¬ 
citon  states  or  systems  containing  complete  randomness 
between  the  phases  of  the  exciton  wave  functions.  The 


FIG.  5.  Dual-grating  decay  kinetics  at  30  K.  and  a  write 
beam  crossing  angle  of  1.39°. 
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TABLE  1.  Energy  migration  parameters  at  25  K. 


V  (sec  ~ ') 

1.22X  106 

a  (sec  ' ') 

0.2  X  106 

D  (ctn;sec~') 

3.02  X  10'* 

L,„  (cm) 

3.88  X  10"7 

(cm) 

1 . 1 8  X  10'5 

(V, 

8.63 

;  (0=5°) 

3.7  X  10~3 

later  case  is  exactly  the  situation  encountered  here.  At 
low  temperatures  the  population  of  excited  Cr3+  ions  is 
predominantly  in  the  E  sublevel  of  the  2E  state,  whereas 
the  excitation  is  into  the  2  A  sublevel.  A  correlation  ex¬ 
ists  between  different  Cr3  +  sites  in  the  2 A  sublevel  im¬ 
mediately  after  the  pump  photons  are  absorbed,  since  the 
excitation  wavelength  spans  many  Cr3+  sites.  However, 
any  dephasing  mechanism,  such  as  nonradiative  process¬ 
es  between  the  E  and  2 A  sublevels  or  phonon  scattering 
processes,  will  result  in  a  loss  of  this  correlation  between 
sites.  Therefore,  the  theory  of  Kenkre23  is  ideally  suited 
to  this  system.  The  dephasing  issue  will  be  discussed 
later  in  this  paper. 

For  2E  excitation  there  is  no  inversion-site  contribution 
to  the  LIG  signal,  and  therefore  the  decay  kinetics  of  the 
signal  can  unambiguously  be  analyzed  in  terms  of  energy 
migration  only  among  mirror  site  Cr3+  ions.  Equation 
(20)  was  used  to  fit  the  slightly  nonexponentiai  LIG  decay 
kinetics  treating  b  and  a  as  adjustable  parameters.  The 
LIG  decay  kinetics  at  each  temperature  and  several 
different  grating  spacings  were  used  to  characterize  the 
exciton  migration  at  that  specific  temperature.  The  per¬ 
tinent  parameters  are  listed  in  Table  I. 

Figure  6  shows  the  temperature  dependence  obtained 
for  the  scattering  rate  a.  The  solid  line  is  the  best  fit  to 
the  data  using  the  expression 

a  =  CJCl  (28) 

with  C,  =0.02 X  I06  sec''  and  C2  =0. 75±0.08. 


PIG  f>.  The  temperature  dependence  obtained  for  the 
scattering  rale  and  the  ion-ion  interaction  rate  for  direct  excila- 
tton  of  the  'E  level  of  the  Cr]4  ions  in  mirror  sites.  The  solid 
line  is  the  theoretical  fit  to  the  ion-ion  interaction  rate  using  Eq. 
(28),  and  the  dashed  line  is  the  theoretical  fit  to  the  scattering 
rate  using  Eq.  129) 


Figure  6  also  shows  the  temperature  dependence  of  the 
ion-ion  interaction  rate.  For  resonant  energy  migration 
in  the  R ,  zero-phonon  line  originating  on  2E,  the  ion-ion 
interaction  rate  is  proportional  to  the  spectral  overlap  in¬ 
tegral  of  the  R  (  absorption  and  emission  transitions,  and 
the  intrinsic  decay  rate  of  the  2£  level.25  This  can  be  ex¬ 
pressed  as 

V  =  C3r~  '/Av  ,  (29) 

where  Av  is  the  FWHM  of  the  zero-phonon  line,  and  it 
was  assumed  that  the  zero-phonon  lineshape  was  Gauss¬ 
ian.  The  temperature  dependencies  of  r~  and  Av  have 
been  measured  for  the  R ,  mirror  site  zero-phonon  line  in 
alexandrite.11  The  solid  line  in  Fig.  6  is  the  best  fit  to  the 
measured  ion-ion  interaction  rate  using  Eq.  (29)  and  the 
measured  values  of  r~l  and  Av. 

Using  Eq.  (22)  the  diffusion  coefficient  can  be  calculat¬ 
ed  from  V  and  a  in  terms  of  a.  The  magnitude  of  the 
diffusion  coefficient  determined  by  analyzing  the  results 
obtained  using  *T2  excitation  was  calculated  in  a  previ¬ 
ous  paper5  assuming  completely  incoherent  migration. 
Structural  measurements  have  shown  that  the  distribu¬ 
tion  of  Cr3+  ions  in  alexandrite  is  not  uniform.26  For  this 
reason  it  is  difficult  to  determine  a  vaiue  for  the  distance 
between  Cr3+  ions,  a.  The  lower  limit  on  a  is  0.27  nm, 
which  is  the  smallest  distance  between  Cr3+  ions  in  mir¬ 
ror  sites.  For  a  uniform  distribution  of  Cr3+  ions  the 
value  of  a  is  2.99  nm.  Assuming  a  dipole-dipole  interac¬ 
tion  between  Cr3+  ions  and  using  the  calculated  ion-ion 
interaction  rate  listed  in  Table  I,  the  value  of  a  is  estimat¬ 
ed  to  be  approximately  0.45  nm,  which  is  intermediate 
between  the  nearest-neighbor  and  uniform  distribution 
limits.  Using  the  value  of  0.45  nm  for  a,  Ihe  magnitudes 
of  D,  Lm,  and  Ld,  listed  in  Table  I,  are  obtained. 

It  was  reported  previously5  that  the  temperature 
dependence  of  D  is  T~l/1  for  T  <  150  K.  The  tempera¬ 
ture  dependence  of  a  is  T° 15 ,  and  V  decreases  slightly 
with  temperature  up  to  180  K  (primarily  due  to  a  slight 
increase  in  Au  in  this  temperature  range).  Using  Eq.  (22) 
and  these  results  gives  a  temperature  dependence  of  ap¬ 
proximately  T~UI  for  D,  in  agreement  with  the  results 
obtained  with  *T2  excitation.  This  is  shown  in  Fig.  7. 

The  scattering  rate  depends  on  temperature  differently 
for  different  mechanisms  which  limit  the  exciton  mean 
free  path.27  The  exciton  scattering  mechanism  can  be 
due  to  scattering  by  defects,  optic  phonons,  or  acoustic 
phonons.  All  of  these  processes  have  different  tempera¬ 
ture  dependences  in  different  limits.  Scattering  of  exci- 
tons  by  acoustic  phonons  is  the  dominant  scattering 
mechanism  at  low  temperatures.  The  most  general  form 
of  this  type  of  scattering  is  predicted27  to  have  a  7~3/2 
temperature  dependence.  The  smaller  temperature 
dependence  observed  here  may  be  a  result  of  the  longer- 
wavelength  phonons  not  being  as  effective  in  scattering 
localized  excitons  as  the  shorter  wavelength  phonons  and 
the  difference  in  the  electron-phonon  coupling  strengths 
for  the  different  phonons.  Long-wavelength  phonons 
which  modulate  several  neighboring  lattice  sites  together 
are  less  effective  in  scattering  excitons  localized  on  a  sin¬ 
gle  lattice  site  than  phonons  which  modulate  neighboring 
sites  differently.28 
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FIG.  7.  Temperature  dependence  of  the  exciton  diffusion 
coefficient  for  Cr3  +  ions  in  the  mirror  sites  in  alexandrite  ob¬ 
tained  from  values  of  V  and  a.  The  solid  line  shows  a  T  1/2 
dependence. 


The  results  of  the  measurements  of  the  properties  of 
the  exciton  migration  in  alexandrite  reported  here  are  the 
essential  characteristics  needed  to  understand  the  issue  of 
coherence  in  exciton  migration.  The  term  coherence  in 
this  case  describes  the  situation  in  which  the  exciton 
behaves  like  a  quasiparticle  with  a  certain  momentum. 
This  quasiparticle  will  move  over  several  lattice  spacings, 
maintaining  phase  memory,  before  a  scattering  event 
occurs.  The  phase  memory  of  the  exciton  does  not  de¬ 
pend  upon  the  rest  of  the  ensemble  of  excitons.  Transient 
grating  measurements  have  three  different  characteristic 
distances.  These  are  the  lattice  constant  a,  the  mean  free 
path  Lm,  and  the  grating  spacing  A.  The  transport  prop¬ 
erties  of  the  exciton  are  discernible  using  the  LIG  tech¬ 
nique  only  if  the  diffusion  length  is  comparable  to  half  of 
the  grating  spacing,  and  therefore  Ld  and  A  are  on  the 
same  length  scale.  If  Lm  is  less  than  or  equal  to  a  then 
the  exciton  motion  is  completely  incoherent  and  a 
scattering  event  occurs  on  every  "hop”  of  the  exciton  to 
another  site,  leading  to  a  complete  loss  of  phase  memory. 
If  a<Lm« A/2  then  the  exciton  motion  is  coherent 
over  a  few  lattice  spacings,  but  is  incoherent  on  the  scale 
of  the  experiment.  N,  is  a  measure  of  the  degree  of 
coherence  on  this  length  scale.  If  »  A/2  then  the  ex¬ 
citon  motion  is  coherent  over  many  lattice  spacings  and 
on  a  distance  scale  which  is  directly  discernible  from  the 
transient  grating  signal  shapes.  £  is  a  measure  of  the  de¬ 
gree  of  coherence  on  this  length  scale.  Table  I  shows  that 
the  mirror-site  Cr3+  ions  in  alexandrite  have  energy 
transport  characteristics  consistent  with  the  second  type 
of  coherence  mentioned  above  (a  <Lm  «A/2).  The  ex¬ 
citon  motion  is  coherent  over  a  few  lattice  spacings,  but 
is  incoherent  on  the  distance  scale  of  the  grating,  and  is 
thus  termed  quasicoherent. 

The  coherence  parameter  is  an  important  quantity  in 
verifying  the  assumption  mentioned  earlier  regarding  the 
initial  conditions  of  the  experiment.  Kenkre29  has  shown 
that  for  £  greater  than  2.0  significant  differences  in  the 
transient  grating  decay  kinetics  are  possible  depending  on 
the  initial  state  of  the  density  matrix.  Table  I  shows  that 
£  is  3.7x  I0~3.  Therefore  even  if  the  initial  density  ma¬ 


trix  were  not  diagonal,  as  assumed  here,  there  would  be 
no  difference  in  the  transient  grating  decay  kinetics.  The 
LIG  signal  in  this  system  is  insensitive  to  the  initial  con¬ 
ditions  of  the  density  matrix. 

IV.  DEPHASING  MEASUREMENTS 

In  a  previous  paper3  it  was  shown  that  measurements 
of  the  FWM  signal  intensity  as  a  function  of  the  crossing 
angle  between  the  write  beams  can  be  used  to  determine 
the  dephasing  time  of  the  atomic  system  with  respect  to 
the  laser  beams.  The  model  used  to  analyze  the  data  was 
the  model  discussed  in  Sec.  II  describing  the  interaction 
between  crossed  laser  beams  and  a  two-level  atomic  sys¬ 
tem.  The  electric  Helds  of  the  four  laser  b earns  interact 
with  each  other  via  the  nonlinear  polarization  induced  in 
the  two-level  system.  Solving  the  wave  equation  for  this 
situation  leads  to  a  set  of  coupled  differential  equations 
for  the  complex  amplitudes  of  the  fields.  Using  this  ap¬ 
proach  it  was  found  that  the  normalized  FWM  scattering 
efficiency  could  accurately  be  modeled  by  solving  these 
equations  numerically,  treating  the  real  and  imaginary 
components  of  the  coupling  parameters,  D\,  D\,  D\,  and 
D2,  as  adjustable  parameters.  The  values  of  the  coupling 
parameters  obtained  by  these  computer  fits  to  the  data 
yielded  information  on  the  laser-induced  modulation  of 
the  real  and  imaginary  parts  of  the  refractive  index 
through  the  relationships 

Aass  =  —  2aD 2/D\  ,  (30) 

A  n^-lac /q>)D2/D\  .  (31) 

From  these  quantities  the  dephasing  time  of  the  atomic 
system,  T2,  can  be  calculated  using 

72=(2w/c  )( A/iis/AassK(u--a)2|)'' 1  (32) 

where  a  is  the  absorption  coefficient  at  the  write-beam 
wavelength,  c  is  the  speed  of  light,  o>  is  the  circular  fre¬ 
quency  of  the  write  beams,  and  <u2)  is  the  resonant  fre¬ 
quency  of  the  atomic  transition. 

There  are  several  mechanisms  that  could  be  responsi¬ 
ble  for  the  dephasing  of  the  system.  The  measured  de¬ 
phasing  time  is  related  to  population  relaxation  T,  and 
phase  disrupting  processes  among  the  ions  of  the  ensem¬ 
ble,  T2°,  by  the  relation30 

Tf1  ={Tr’ +(T£d)~’  .  (33) 

Population  relaxation  processes  contribute  to  the  total 
dephasing  rate  since  they  are  incoherent  spontaneous 
processes.  T2D  can  be  separated  into  two  parts: 

(TlDr'=(Tl)-'  +  (T2)-[  ,  (34) 

where  T *  is  the  inhomogeneous  dephasing  time  and  T[  is 
the  homogeneous  dephasing  time  These  dephasing  times 
are  related  to  their  respective  contribution  to  the  total 
linewidth  through  the  relations 

r2*  Mttc  AvT'  (35) 

and 


T'2=(nc  AvT1  . 


(36) 
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T *  represents  the  time  for  the  loss  of  phase  coherence  be¬ 
tween  the  ions  of  the  ensemble  due  to  small  mismatches 
in  the  transition  energies  of  the  ions.  T\  represents  the 
time  for  the  loss  of  coherence  between  the  ions  of  the  en¬ 
semble  due  to  phonon  scattering  processes.22 

A.  Results  for  2 E  excitation 

Figure  8  shows  the  angular  dependence  of  the  normal¬ 
ized  FWM  scattering  efficiency  for  excitation  of  the  2A 
sublevel  of  the  lE  state  at  50  K.  The  solid  line  in  the 
figure  is  the  computer  fit  to  the  data  using  the  procedure 
discussed  above.  The  parameters  calculated  from  this  fit 
using  Eqs.  (303  —  (32)  are  listed  in  Table  II. 

For  this  excitation  the  total  population  relaxation  is 
the  sum  of  two  processes: 

Tf1  =Tr,(2J-E)  +  Trl(2E-U2)  (37) 

where  T^‘(2A-E)  is  the  nonradiative  decay  rate  from 
the  upper  crystal  field  sublevel  of  the  2E  state  to  the  lower 
sublevel,  and  Tf' (2£-4/l2)  is  the  total  decay  rate  from 
the  2 A  and  E  sublevels  of  2E  to  the  ground  state,  4A2. 
T,(2E-4A2)  is  measured"  to  be  2.3  ms  at  50  K,  and 
therefore  this  term  in  Eq.  (37)  can  be  neglected  since  it  is 
much  smaller  than  the  measured  dephasing  rate  of  55  ps. 
The  nonradiative  decay  time  from  2 A  to  E,  TX(2A-E ), 
has  been  measured  by  Meitzer  et  at.21  at  1.5  K  to  be  400 
ps.  This  decay  time  will  decrease  as  temperature  is 
raised,  and  can  be  extrapolated  to  its  value  at  50  K.  using 
the  relation 

rr'(50  K.)=r,-‘(0  K)(n  +  1)  (38) 

where  n  is  the  phonon  occupation  number  given  by 

n  =[exp( A£/3cfl D—  1  ]~'  ,  (39) 

kB  is  Boltzmann’s  constant  and  A E  is  the  phonon  energy. 
This  gives  a  value  of  260  ps  for  Tx  ( 2  A  -E )  at  50  K.  This 
is  a  factor  of  5  slower  than  the  dephasing  time  measured 
here.  At  50  K  the  homogeneous  linewidth  is  less  than  the 


FIG.  8.  Normalized  FWM  scattering  efficiency  vs  the  write- 
beam  crossing  angle  at  50  K  for  Cr3<  ions  in  the  mirror  sites 
directly  excited  in  the  2  A  sublevel  of  the  2£  state.  The  solid  line 
is  the  computer-generated  fit  obtained  for  a  two-level  atomic 
system  model  for  FWM  (Kefs.  5  and  15). 


TABLE  II.  Dephasing  parameters. 


K,c  <nm) 

677.8 

T  (K) 

50 

D\ 

0.25 

D\ 

0.65 

D\ 

0.35 

D'i 

0.0015 

An 

6.68X  I0-6 

A  a  (cm") 

4.00  X  10"3 

T2  (ps) 

55.3 

inhomogeneous  linewidth,  which  is  approximately  2 
cm-1."  Therefore  T *  is  less  than  T2,  and  the  dephasing 
rate  is  dominated  by  the  inhomogeneous  dephasing.  Us¬ 
ing  Eq.  (41)  and  the  measured  inhomogeneous  linewidth, 
the  inhomogeneous  dephasing  time  is  found  to  be  52  ps. 
This  is  in  good  agreement  with  the  measured  result;  thus 
the  dephasing  mechanism  in  this  case  is  attributed  to  de¬ 
phasing  associated  with  the  inhomogeneous  linewidth 
and  not  population  relaxation. 

B.  Results  for  4T2  excitation 

For  excitation  into  the  4T2  level,  T2  was  found  previ¬ 
ously5  to  be  80  and  2.2  ps  for  the  inversion  sites  and  mir¬ 
ror  sites,  respectively  and  the  dephasing  time  was  attri¬ 
buted  to  the  nonradiative  decay  from  the  4T2  level  to  the 
2E  metastable  level.  These  measurements  have  been  ex¬ 
tended  to  temperatures  ranging  from  30  to  300  K  and 
several  different  excitation  wavelengths.  The  dephasing 
time  was  found  to  be  constant  over  this  temperature 
range,  while  the  frequency  dependence  of  the  dephasing 
time  was  found  to  vary  approximately  as  «  on  the  high- 
energy  side  of  the  transition  peak. 

The  dynamics  of  nonradiative  decay  processes  are  im¬ 
portant  in  gaining  a  full  understanding  of  dephasing  and 
the  role  that  phonons  play  in  the  dephasing  process.  In 
this  section  a  model  is  presented  to  describe  the  second 
type  of  dephasing,  and  it  is  related  to  the  dephasing  re¬ 
sults  obtained  for  4T2  excitation  of  the  mirror-site  ions. 

Figure  9  shows  the  model  used  to  analyze  the  dynamics 
of  the  mirror-site  Cr+  ions.  The  :E  curve  actually 
represents  four  potential  energy  curves,  and  the  4T: 
curve  represents  twelve  potential  energy  curves.32  This  is 
a  result  of  the  splittings  of  the  sublevels  of  each  state. 
The  *T,  level  has  been  omitted  since  it  does  not  play  a 
significant  role  in  the  nonradiative  decay  processes.33-35 
Optical  absorption  occurs  from  the  ground  state,  4A2,  to 
an  excited  vibrational  level  of  the  4T2  level,  represented 
by  the  vertical  line  in  the  figure.  The  ion  is  excited  into 
an  excited  vibrational  level  of  the  4T2  state.  Following 
absorption,  the  ion  relaxes  very  quickly  to  the  metastable 
2E  level.  This  process  can  occur  in  two  ways.  The  first 
mechanism  is  one  in  which  the  ion  remains  in  the  4T2  lev¬ 
el  and  emits  phonons,  termed  internal  conversion  (IC), 
until  its  energy  coincides  with  the  crossing  of  the  two 
excited-state  adiabatic  potential-energy  curves,  the  lE 
and  4T2  levels.  At  this  energy,  the  relaxation  process 
crosses  over  to  the  2E  level,  called  intersystem  crossing 
(ISC),  and  the  ion  continues  to  emit  phonons  until  the 
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q  (arb.  units) 

FIG.  9.  Model  used  to  analyze  the  dynamics  of  the  nonradia- 
tive  decay  from  the  *T2  level  to  the  level.  The  solid  vertical 
line  represents  optical  absorption. 


bottom  of  the  2E  potential  energy  curve  is  reached.  This 
is  represented  by  the  path  A  -B-C  in  Fig.  9.  The  second 
mechanism  differs  from  the  first  in  the  point  at  which  the 
ISC  process  occurs.  In  this  mechanism  the  ISC  process 
occurs  on  the  very  first  step  of  the  relaxation  and  is  fol¬ 
lowed  by  the  emission  of  phonons  until  the  bottom  of  the 
2E  potential  energy  curve  is  reached.  The  relaxation 
predominantly  occurs  in  the  2E  electronic  state,  and  is 
represented  by  the  A-B'-C  path  in  Fig.  9.  These  two 
mechanisms  will  be  designated  as  IC  and  ISC,  respective¬ 
ly,  corresponding  to  the  first  steps  in  the  relaxation  mech¬ 
anism. 

Nonradiative  decay  processes  occur  between  nonsta¬ 
tionary  states  of  the  system.32  The  initial  state  of  the  sys¬ 
tem,  as  well  as  the  others,  is  not  a  pure  4T2  electronic 
state.35  It  is  actually  a  mixed  state  of  several  electronic  vi¬ 
brational  states  including  the  4T2  and  2E  electronic- 
vibrational  states.  This  is  a  result  of  the  electron-phonon 
coupling,  the  spin-orbit  interaction,  and  the  anharmonic 
potential  energy  of  the  excited  states  of  the  Cr34_  ions. 
The  various  electronic  states  admixed  by  these  interac¬ 
tions  are  shown  in  Fig.  10.  Englman  et  al.}b  have  shown 
in  the  harmonic  approximation  that  the  amount  of  ad¬ 
mixture  between  the  lE  and  47\  states,  which  form  the 
initial  vibronic  eigenstate  of  the  system,  can  increase 
significantly  as  the  vibrational  quantum  number  of  the 
upper  state  increases.  Including  anharmonic  effects  can 
increase  the  amount  of  admixture  between  states  even 
more. 

In  the  model  used  here  to  analyze  the  nonradiative  de¬ 
cay  pathways  from  the  47’2  state  to  the  2E  state,  only 
single-phonon  processes  are  considered.  The  initial  level 
of  the  system  after  optical  excitation  is  an  excited  vibra¬ 


tional  level  of  the  47'2  electronic  state.  The  interactions 
shown  in  Fig.  10  admix  this  state  with  various  intermedi-f 
ate  states.  From  these  admixed  states  relaxation  can 
occur  to  the  vibrational  level  of  the  4T 2  slate  lying  just 
below  the  initially  excited  level  or  to  an  excited  vibration¬ 
al  level  of  the  2E  state  which  is  at  or  below  the  energy  of 
the  initial  level.  The  amount  of  admixture  between  states 
which  causes  the  radiationless  relaxation  processes  de-^ 
creases  as  the  vibrational  quantum  number  of  the  initial 
state  of  the  47'2  electronic  state  decreases.30  The  first  step 
of  the  relaxation  process  is  very  important  in  determining 
the  relaxation  pathway  because  the  amount  of  admixture 
between  slates  which  results  in  a  specific  relaxation  path¬ 
way  decreases  after  each  step  in  I  he  nonradiative  decay  ^ 
process.  Therefore,  once  the  first  step  occurs,  the  path¬ 
way  is  determined  until  points  are  reached  where  there  is 
a  significant  change  in  the  admixture  between  stales,  such 
as  at  the  potential-energy  curve  crossing  points. 

The  nonradiative  decay  rate  is  given  by  the  golden 
rule: 

Knt  =  (2TT/m  |  < T,v  |  A//  |  >  |  2P(Ej  )  ,  (40) 

where  e  denotes  the  electronic  part  and  u  denotes  the  vi¬ 
brational  part  of  the  wave  function  T,  primes  denote  the 
initial  state  of  the  system,  A//  is  the  perturbation  con¬ 
necting  the  two  levels,  and  p(E/)  is  the  density  of  final^ 
states.  The  admixture  between  states  is  accounted  for  in 
the  terms  retained  in  A//,  where 

A H=V'q+tIi0  .  (41) 

Here  q  is  the  configuration  coordinate  representing  the 
symmetry  adapted  normal  mode  of  the  system,  V  is  theQ 
electron-phonon  coupling  term,  and  Nil}  is  the  spin- 
orbit  interaction.  Phonons  of  different  symmetry  are  ac¬ 
tive  in  coupling  the  different  levels  shown  in  Fig.  10. 
These  phonon  symmetries  are  given  in  parentheses  after 
the  V.  The  first  step  in  the  IC  mechanism  is  the  Iransi- 
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tion  from  'P(47’2,d')  to  vP(47'2,u)  where  i»'>u.  First- 
order  perturbation  theory  is  not  sufficient  to  cause  this 
transition,  and  it  will  be  necessary  to  use  second-order 
perturbation  theory  to  describe  this  mechanism.  The  first 
step  in  the  ISC  mechanism  is  the  transition  from 
lP(47’2,u')  to  4/(:E,v  ).  The  only  operator  which  can  con¬ 
nect  these  states  is  the  spin-orbit  coupling  operator. 
Second-order  perturbation  theory  must  also  be  used  to 


express  the  matrix  elements  in  this  mechanism. 

Assuming  that  the  states  involved  in  the  transition  are 
Born-Oppenheimer  states, 

=  (42) 

the  nonradiative  decay  rate  for  each  mechanism  can  be 
written  as 


I 


I 


ft 


I 


ft 


» 


> 


I 


Knr(ISC)  =  ^ 


21 


2  2  4<4T2,r\A/;)|  v\^r,y,Ms)) 


22 

u  p 


X  <*( r,y,Ms )  |  tf,0.  |  <j>(1E,y",M"))(X(‘>T2,vp  )\qp\  X(r,rp ) > 


x(X(r,ra)\  X(2E,va))/[  W(4T2)-W(T))  +  c.c. 


P(E/) 


2  2  <0(4r2,y*,A/;)|/fso ,\^r,y\M's)) 

r.y'.M'r 


X  <  <f>(  r ,  y‘ \M\ )  I  V  !  <j>(  2£,  y ", K ) )  < X(  r,  rp  )  I  qp  I XI  2e,  vp ) ) 

xn<*(%.OI*<r',ra)> 


x<;nr\ra)|x(2£,ua)>/[iK(2£)-u>(r')]+c.c. 


(43) 


and 
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2  2  (^47,2,rX*)|^l^r,,r'X)) 

ry.M[.r  y",m" 


p(Ef) 


x(<t>(r\y',M;)\  V  \<t>(*T2tY",M"))(X(4T2,u;)\qp\X(r',rp)) 
xn  mt2.  v')\X(r',ra)) 


x{X(r',ra)\X(2E,ua))/[  IF(4r2)-IF(r!]  +  c.c. 


p(Ef) 


(44) 


where  y  represents  the  crystal-field  component  of  the  T 
intermediate  state,  and  W  is  the  energy  of  the  state.  The 
vibrational  part  of  the  wave  function  has  been  separated 
into  promoting  and  accepting  modes,  X(e,vp)  and 
X(e,va),  respectively.  These  modes  are  assumed  to  be 
distinct,  which  is  a  good  approximation  for  high- 
symmetry  crystal-field  sites.  Promoting  modes 
represent  phonons  that  mix  the  initial  and  final  electronic 
states,  and  accepting  modes  represent  phonons  that  ab¬ 
sorb  the  difference  in  electronic  energy.  The  reason  for 
invoking  admixture  of  intermediate  states  in  the  expres¬ 


sion  for  £nr(IC)  is  due  to  the  properties  of  the  overlap  in¬ 
tegrals  of  the  vibrational  wave  functions.  The  vibrational 
wave  functions  for  each  particular  excited  state  are  or¬ 
thogonal,  and  therefore  the  vibrational  overlap  integral, 
commonly  called  the  Franck-Condon  factor,  vanishes  for 
a  transition  from  one  vibrational  level  to  a  different  vibra¬ 
tional  level  of  the  same  electronic  state.  Equations  (43) 
and  (44)  avoid  the  “Condon”  approximation,  which  tends 
to  underestimate  transition  rates  by  as  much  as  several 
orders  of  magnitude.33,37  These  expressions  are  summed 
over  v  and  p  to  include  ail  single-phonon  transitions  from 
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v'  to  all  other  possible  vibrational  levels.  There  is  no 
summation  over  u'  because  the  system  is  initially  in  a 
specific  vibrational  level. 

The  summations  in  Eqs.  (43)  and  (44)  are  restricted  by 
symmetry.  Figure  10  shows  that  for  ^nr(ISC)  and  an  ion 
in  an  octahedral  environment  T  must  belong  to  the  set  of 
states  (4r2l4/l2,4ri!  and  the  corresponding  V  must  be¬ 
long  to  the  sets  of  vibrational  symmetries 
[Mir£s>Tl«-7’2*l-i7'iifl-l  ^ 2s r2s  1 1.  On  the 
other  hand  T'  must  belong  to  the  set  of  states 
1 1Tl,2E,2Tl  |  and  this  requires  that  V'  must  belong  to 
the  sets  of  vibrational  symmetries  (  l7’lg'7’2*l» 
\A]vA2s,Eg\,\T[vT2i\\.  For  *nf(IC)  T  and  T  must 
belong  to  the  set  of  states  |4T,,4/4  )  and  the  correspond¬ 
ing  V  must  belong  to  the  set  of  vibrational  symmetries 

TV :r2g|. irlgj). 

Measurements  of  the  Raman  spectra,  low-temperature 
absorption  spectra,  and  Stokes  excitation  spectra12  show 
that  phonons  of  about  240  cm  - 1  are  important  to  the  dy¬ 
namics  of  the  nonradiative  relaxation  processes  from  the 
4 Tlg  to  2Eg  level.  In  octahedral  symmetry  there  are  three 
different  species  of  Raman-active  active  modes:  A  lg,  £g, 
and  7\s.  Symmetry  assignments  of  the  different  Raman 

<  ( t  n2g  )( e?  )S  r.Vf  Y  I  Yy ( r )  I  ( t  )( egm ’  )ST'MY ) 

=  8(S,S'  )5(  \f,  T/' )( T )  “ 1  /2  < 

where  F  is  the  dimension  of  the  F  representation,  8 (S,S') 
is  the  Kronecker  delta,  (  T y  |  f'y'Fy)  is  the  Clebsch- 
Gordan  coefficient,  and 

<(/2g  )(egm)Sr||  F(  r)||(r2A  Hej"  )ST ) 
is  the  multielectron  reduced  matrix  element.  This 
reduced  matrix  element  can  be  reexpressed  in  terms 
of  the  single-electron  reduced  matrix  elements, 
<r2g||K(D||/2g),  < eg||  K(  T )||eg ),  and  < /2g||  V{  D||eg  ),  by 
using  the  d  wave  functions  for  each  representation. 
These  wave  functions  are  denoted  T2g(£,  17,  f), 
T[g(a,P,y),  Eg(u,v),  Alg(e2),  and  .4lg(e,).41 

The  spin-orbit  matrix  elements  are  more  complicated. 
The  spin-orbit  term  in  the  Hamiltonian  can  be  expressed 
as41 

//,.„.=(  i /v/2)[-Kl0(>ir1)+tr1<,(  i  r,)] 

+  {\/vj)[  f_Iu(  ir,  )+/K_lj9(ir,)] 

+  F0y(ir,)  ,  (46) 

where  VXa(  1  T{ )  transforms  as  the  a  wave  function  of  the 
F,  representation  with  spin  quantum  number  +  1.  Us¬ 
ing  the  Wigner-Eckart  theorem,  the  matrix  elements  of 
the  spin-orbit  interaction  can  be  expressed  in  terms  of  the 
multielectron  reduced  matrix  elements.  These  multielect¬ 
ron  reduced  matrix  elements  can  also  be  expressed  in 
terms  of  the  single-electron  reduced  matrix  element 
( /  2g  i|  F(  1  T |  )||eg )  and  the  results  have  been  tabulated  by 
Tanabe  el  a/.41  Table  III  gives  the  average  of  the  matrix 
elements  squared  in  terms  of  1  he  single-electron  reduced 
matrix  elements  after  summing  over  the  different  com¬ 
ponents  of  the  intermediate  representations. 


peaks  seen  in  experiments  have  been  done  for  the  actual 
symmetry  class  of  the  mirror-site  ions  in  alexandrite.38 
These  can  be  correlated  with  the  symmetries  of  the 
Raman-active  modes  in  Oh  point-group  symmetry.39  Ok 
symmetry  is  a  good  approximation  to  the  actual  site  sym¬ 
metry,  and  tis  simplification  makes  the  calculations  much 
easier.  These  measurements  and  this  correlation  show 
that  the  240-cm-1  phonons  have  T2g  symmetry.  Thus,  as 
a  further  simplification,  it  will  be  assumed  that  these 
240-cm-1  phonons  of  Tlg  symmetry  are  the  only  pho¬ 
nons  active  in  the  nonradiative  relaxation  process.  This 
eliminates  many  of  the  terms  that  would  have  appeared 
in  Eqs.  (43)  and  (44).  The  sum  over  promoting  modes 
and  the  product  over  accepting  modes  are  removed,  leav¬ 
ing  just  one  term  each. 

The  electronic  matrix  elements  can  be  reduced  to 
single-electron  matrix  elements  which  can  then  be  evalu¬ 
ated  by  using  d-electron  wave  functions.40-42  The  matrix 
elements  are  summed  over  the  final  states  and  the  matrix 
elements  squared  are  then  averaged  over  the  initial  elec¬ 
tronic  states.  The  matrix  elements  can  be  expressed  using 
the  Wigner-Eckart  theorem  as41 


I 

Nonradiative  decay  rates  in  a  diatomic  molecule  can  be 
affected  to  a  large  extent  by  anharmonic  effects.43  This 
should  also  be  true  in  solids.44  The  exact  form  of  the 
anharmonic  potential  energy  surface  for  an  ion  in  a  solid 
is  not  known,  but  the  potential  can  be  approximated  by 
using  the  well-known  Morse  potential.  This  is  given  by43 

U(q)  =  D()\  1  —  exp[  -a"[q  ~qn)]\2  ,  (47) 

where  q  is  the  configuration  coordinate,  qQ  is  (he  equilib¬ 
rium  position,  a"  is  the  anharmonicity  constant,  and  D0 
is  the  dissociation  energy.  The  normalized  vibrational 
wave  functions  for  this  type  of  potential  are46-49 


Xll=[(a"bl))(v\)/r{K  -e)]l/2 

Xexp(  —  z/2)(zi’°/2)L,t>u(z)  ,  (48) 

where 

z  =k  exp[  —  a"(q  —  g0)J  ,  (49) 

K  =ve/vtxL.  =4D0/vt,  ,  (50) 

bn  =  K  -2a  -  I  .  (51) 


0(X 

Lv  (z)  is  the  associated  Laguerre  polynomial,  and  P  is 
the  gamma  function.  The  vibrational  energy  is  given  by45 

Ev  =  v(.(i)  +  4  *  -  V,-XJV  +  4  ■  (52) 

This  type  of  potential  can  be  used  to  model  (lie  ground 


rr  |  ryrr>(u?g)(egm)sr||F(r)||(/^)(e;'')ST')  (45) 
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TABLE  III.  Squared  matrix  elements;  X  =  ( tig\\V'lig  )||^2g  ),  Z  =  (eg\\  T(  ] / f  )j|/2,  ). 


Knt  (ISC) 

y* 

m; 

2  2  (tfCr^AOi 

r  '.H" 

x(<t>{4T2YM,)\  Ht  o  |  4>(>Ey"M”)) 

4 

3/2 

0 

1/2 

(1/486XAZ)2 

-1/2 

(1/486X.VZ)2 

-3/2 

0 

V 

3/2 

(1/2592X1  +  v'3)2(A’Z)2 

1/2 

(1/3888X14  +  5v/3XArZ)2 

-1/2 

(1/1296X2  —  v/3/ATZ)2 

-3/2 

(1/2592X1  +  v^UZ)2 

£ 

3/2 

(1/2592X1  +  v/3)2(A'Z)2 

1/2 

(1/7776X1  +  \/3)2(A'Z)2 

-  1/2 

(1/7776X1  +  Sl)HXZ)1 

-3/2 

(1/'*592)(1  +  v^LYZ)2 

Average  =  (1/29 16X4  +  v/3)(XZ)2 

Y* 

\ir 

r.M'/ 

2 

x<^(4r1,y,M,)|Hi0. \<i>0e,y",K)) 

4 

3/2 

(1/384XTZ)2 

1/2 

(1/3456XTZ)2 

-1/2 

ll/3456XA'Z)2 

-3/2 

U/384KXZ)2 

3/2 

(I.576X2-V/3XTZ)2 

1/2 

(1/1728X2  +  v'lXA'Z)2 

-1/2 

(1/576X2  +  v/lXTZ)2 

-3/2 

(1/576X2  + V3XTZ)2 

s 

3/2 

(1/1 152)(A'Z)2 

1/2 

(1/3456X7  +  4v/3XA'Z)2 

-1/2 

(1/3456X7  +  4v/3XAZ)2 

-3/2 

(1/1152XATZ)2 

Average  =  ( 1  /2592X5  +  vlXA'Z)2 

y* 

m: 

2  2  (^(4r1,r*.M;)iH,.0.  |^(2r„y',M;)> 

2 

\ 

x(^(2r,,/',A/;)|  r(r2()U(2E,y",Af;')> 

Vanishes  for  all  y*,M* 

y* 

m; 

2  2  <^(4rIy*,A/;)|//,.. 

r'.  w'  r 

2 

x^r^'.AO  |  rcr2( ) |  <m2£\y",aC» 

s 

3/2 

0 

(1/324X2  +  v'lXXZ)2 

-1/2 

(1/324X2  +  V3X  ATZ)2 

-3/2 

0 

x 

3/2 

(1/2I6XTZ)2 

1/2 

(I/216XTZ)2 

-  1/2 

(1/648X7— 4\/3X  AfZ)2 

-3/2 

(1/216XATZ)2 
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TABLE  III.  ( Continued ). 


K, 

no 

s 

3/2 

(1/432X2  +  v/3)(A'Z)2 

1/2 

(1/1296X2  +  V\)\XZ)1 

-1/2 

(1/1296X2  +  v/3)(JfZ)2 

-3/2 

(1/432X2  +  /3X  XZ)2 

Average  =  (1/1 944X8  +  v"3  )(XZ'} 

r  (IC) 

Y* 

m; 

12  2  4(4r2,y*,A/.*)|  K'(7V|*(47-1,y1A/,)> 

2 

x(<t>(*Tily,Mt)\  H%0  |  W  *T}  ,y",  M" )  > 

t 

3/2 

<1/384)(A'Z)2 

1/2 

(1/3456 XJfZ)2 

-1/2 

(1/3456XYZ)2 

-3/2 

(I/384XYZ)2 

V 

3/2 

(1/576X2— V^XATZ)2 

1/2 

(1/1728X2  +  vOXTZ)2 

-1/2 

(1/576X2  +  t/lXYZ)2 

-3/2 

(1/576X2  +  V3XTZ)2 

3/2 

1/2 

-1/2 

-3/2 

a/; 


(1/1 152XATZ)2 
(I/3456K7  +  4v/3XA'Z)2 
(1/3456)17  +  4v/3)(TZ)2 
(1/1  152XYZ)2 

Average  =  (l/2592)(5  +  ^IKXZ)1 

I  2  2  (^T2,y\M,*)\ V{Tu)\<H*Tt,Y',M;)) 
r.M" 

x<^4T„i',,A/;j!  r(r2,)|0<4r2l)'".A/;'>> 

_ Vanishes  for  all  y*,A/,* _ 


and  excited  states  of  CrJ+  ions  in  alexandrite.  Figure  11 
shows  an  approximate  Morse  potential  energy  curve  for 
the  47\  and  2£  excited  stales.  These  curves  were  calcu¬ 
lated  using  the  absorption  and  fluorescence  spectra,  posi¬ 
tions  of  the  zero-phonon  lines,  and  an  effective  phonon 
energy  of  240  cm-1.  The  energy  difference  between  the 
bottom  of  the  47’2  and  :£  potential  energy  curves  is  800 
cm'1.  The  energy  levels  of  the  vibrational  levels  in  each 
excited  state  calculated  by  using  Eq.  (52)  are  shown  in  the 
figure.  Equations  (48)  —  (5 1 )  were  used  to  calculate  the  vi¬ 
brational  wave  functions  for  each  vibrational  level  in 
both  electronic  states.  Thpse  are  also  shown  in  the  figure. 

The  vibrational  parts  of  the  matrix  elements  in  Eqs. 
(43)  and  (44)  given  by 

|  <.Y(47>')  |  .Y(2£u)>  |  2  (53) 

and 

|  U(47>')|<?,,|T(2£u)>  I2  ,  (54) 

etc.,  can  be  calculated  by  using  the  Morse  potential  wave 
functions.42,47,49-54  The  first  type  of  matrix  element  is 
the  Franck-Condon  factor  (FCF).  The  FCF  cannot  be 
calculated  analytically;  therefore,  both  types  of  matrix 
elements  in  Eqs.  (53)  and  (54)  were  calculated  numerical¬ 
ly 

The  peak  in  the  4 T,  absorption  is  into  the  fourth  vibra¬ 
tional  level  of  the  4 7\  state.  Figure  12  shows  the  calcu- 


FIG.  1 1.  Morse  potentials  representing  the  47';  and  JE  levels 
of  Cri  *  ions  in  mirror  sites  in  alexandrite.  The  horizontal  lines 
represent  the  vibrational  energy  levels  for  240-em  1  phonons, 
and  the  oscillating  lines  represent  the  wave  functions  lor  each 
vibrational  energy  level. 
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MG  12  Franck -Condon  factors  for  a  transition  from  the 
fourtli  vibrational  level  of  the  *T2  state  to  various  vibrational 
levels  of  the  !  E  slate  designated  by  vibrational  quantum  number 
u. 


lated  FCF  from  this  level  to  each  of  the  vibrational  levels 
of  the  2E  state.  The  oscillations  are  a  result  of  the  alter¬ 
nation  in  sign  of  the  wave  functions.  The  transition  from 
the  fourth  vibrational  level  of  the  4Ti  state  to  the  vibra¬ 
tional  level  of  the  :E  state  next  lowest  in  energy  (4— *8) 
has  a  FCF  of  approximately  0.14.  This  FCF  is  larger 
than  the  corresponding  FCF  in  the  harmonic  approxima¬ 
tion  because  of  the  shape  of  the  wave  functions  and  the 
relative  positions  of  the  Morse  potential-energy  curves 
for  large  values  of  q.  The  potential-energy  curves  are 
very  close  to  one  another  in  this  region,  and  the  wave 
functions  all  have  a  large  positive  lobe  on  this  side  of  the 
Morse  curve.  These  features  are  shown  in  Fig.  11. 
Therefore,  the  overlap  between  vibrational  wave  func¬ 
tions  is  predominantly  due  to  the  overlap  of  these  posi¬ 
tive  lobes.  The  shapes  of  the  wave  functions  are  aiso  in¬ 
dicative  of  the  anharmonicity  of  the  potential-energy 
curves.  The  asymmetry  of  the  wave  functions  is 
significant  even  tor  the  second  or  third  vibrational  levels. 
For  this  reason  it  is  very  important  to  lake  these  anliar- 
iiioiiic  elfecls  into  account. 

the  vibrational  wave  functions  m  a  Morse  potential 
are  orthonormal.  As  mentioned  previously,  this  is  the 
reason  for  resorting  to  second-order  perturbation  theory 
m  calculating  A.'.,,i  1C).  The  FCF's  between  the  same  vi¬ 
brational  sublevels  of  different  electronic  states  having 
the  same  electronic  configuration  can  be  set  equal  to  1 
since  these  potentials  are  essentially  identical.  All  other 
TCP's  between  these  levels  are  small  because  of  orthonor¬ 
mality  The  1 E,  2  and  ’ /',  states  originate  from  the  t)K 
electronic  configuration,  whereas  the  *T1  and  lf\  states 
originate  from  the  electronic  configuration.  The  vi¬ 

brational  matrix  element  in  Fq  <541  was  also  calculated 
numerically.  The  same  types  of  assumptions  mentioned 
above  were  used  m  calculating  the  various  matrix  ele¬ 


ments  between  states. 

Equations  (43)  and  (44)  can  be  evaluated  by  using  the 
results  in  Table  III,  the  vibrational  matrix  elements,  and 
spectroscopic  data  giving  the  energies  of  the  levels.  The 
reduced  matrix  elements  can  be  eliminated  from  the 
equations  by  taking  the  ratio  of  /Cnr ( ISC )  to  Knr(IC). 
This  avoids  the  problems  associated  with  using  approxi¬ 
mate  electronic  wave  functions  to  evaluate  the  single¬ 
electron  reduced  matrix  elements  which  can  severely 
affect  the  results.32  Taking  the  ratio  given  the  relative 
probability  of  the  two  processes.  The  vibrational  matrix 
elements  between  a  specific  vibrational  level  of  an  elec¬ 
tronic  state  and  another  vibrational  level  of  the  inter¬ 
mediate  electronic  state  were  chosen  so  that  the  ion 
would  end  up  in  a  level  of  lower  total  energy  and  the  cal¬ 
culated  rate  would  have  its  maximum  value.  The  density 
of  states  for  the  ISC  transition  was  taken  from  the  vibra¬ 
tional  level  spacing  of  the  2E  Morse  potential  curve  at  the 
level  at  which  the  first  step  in  the  nonradiative  decay  pro¬ 
cess  ends.  The  density  of  states  for  the  1C  transition  was 
taken  from  the  vibrational  level  spacing  of  the  4T2  Morse 
potential  curve  at  the  vibrational  level  just  below  the 
point  of  optical  absorption.  This  is  a  result  of  limiting 
each  step  in  the  nonradiative  decay  mechanism  to  single 
phonon  processes.  There  is  an  additional  factor  of  A 
that  accounts  for  the  difference  in  the  degeneracies  in  the 
ratio  of  the  density  of  final  states.  The  result  of  this  cal¬ 
culation  gives 


y„r(ISC) 


KJ  lO 


The  model  for  nonradiative  decay  presented  here  is 
different  from  other  models  in  several  respects.  The  pro¬ 
moting  mode  interaction  is  not  assumed  to  be  effective 
only  at  or  near  the  point  where  the  4T2  and  2E  potential 
energy  curves  cross.  J2,55~ 57  This  is  one  of  the  reasons 
that  the  ISC  mechanism  can  compete  with  the  standard 
Dexter,  Klick,  and  Russell56  IC  mechanism.  The  effects 
of  anharmonicities,  which  are  difficult  to  treat  in  a  solid 
and  have  therefore  usually  been  ignored  in  previous  treat¬ 
ments,  are  included  in  the  estimates  of  the  FCF’s  and  the 
vibrational  matrix  elements  determined  here.  The  har¬ 
monic  approximation  would  lead  to  FCF's  that  are  much 
smaller  than  those  obtained  here,  and  this  has  justified,  in 
the  past,  the  neglect  of  the  ISC  channel  for  nonradiative 
decay  mechanism  proposed  here.  The  reason  the  FCF’s 
are  larger  when  unharmonic  effects  arc  included  is  due  to 
the  shape  of  t he  wave  functions  and  the  shape  of  the 
Morse  potential-energy  curves.  The  Morse  curves  shown 
in  Fig.  9  actually  have  two  crossing  points,  and  the 
curves  remain  close  together  in  the  region  between  these 
points.  This  keeps  the  vibrational  overlap  integrals  from 
decreasing  to  the  value  that  would  be  obtained  in  the  har¬ 
monic  approximation.  In  t he  harmonic  approximation 
the  potential-energy  curves  cross  m  only  one  point,  and 
the  curves  get  faither  apart  as  the  vibrational  quantum 
number  increases  above  the  crossing  point. 

Figure  13  shows  the  dephasing  time  calculated  from 
the  FWM  data  for  Cr1'  ions  m  several  different  crystal- 
field  environments,  alexandrite  mirror  and  inversion  sites, 
emerald,  and  ruby.  I  he  depha.smg  time  is  shown  as  a 
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function  of  t he  energy  difference  between  the  peak  of  the 
*T2  absorption  and  the  2E  absorption.  This  energy 
difference  is  essentially  the  energy  that  must  be  emitted  in 
the  nonradiative  decay  process  outlined  above.  The  de¬ 
phasing  mechanism  is  a  result  of  population  relaxation 
from  the  *T2  level.  The  dependence  of  the  dephasing  rate 
on  the  energy  difference  shown  in  Fig.  13  strongly  sup¬ 
ports  the  conclusion  reached  above  that  the  dominant 
nonradiative  decay  channel  is  the  ISC  channel.  If  the 
nonradiative  decay  process  does  not  involve  the  ISC  de¬ 
cay  channel,  then  the  dephasing  rate  would  not  depend 
on  the  crystal  field  strength  of  the  host  crystal,  and  there¬ 
fore  would  be  independent  of  the  energy  difference  be¬ 
tween  the  47\  and  :E  absorption  transitions.  If  the  ISC 
channel  of  nonradiative  decay  is  the  dominant  relaxation 
pathway,  then  the  well-known  exponential  dependence  of 
the  decay  rate  on  the  energy  gap  should  be  observed. 35,38 
This  is  observed  in  the  data,  confirming  the  results  of  the 
theoretical  calculation  for  the  relative  branching  ratio  of 
the  two  relaxation  pathways.  The  dominant  decay  chan¬ 
nel  in  other  host  crystals  with  smaller  crystal  field 
strengths  and  therefore  a  smaller  energy  difference  be¬ 
tween  47\  and  2E  absorption  transitions  may  be  different. 
An  increase  in  the  probability  of  the  IC  decay  channel 
would  decrease  the  ratio  in  Eq.  (55)  leading  to  the  in¬ 
dependence  of  T2  on  the  energy  difference  between  the 
*T2  and  2E  absorption  transitions. 

The  mechanism  for  dephasing  in  this  case  is  consistent 
with  a  population  relaxation  process,  namely  the  *T2-2E 
nonradiative  decay.  The  temperature  dependence  of  the 
dephasing  rate  should  be  the  same  as  that  of  the  multi¬ 
photon  emission  rate.  The  temperature  dependence  of 
the  multiphoton  emission  rate  is 

R~(n+\f,  (56) 


where  p'  is  the  number  of  phonons  emitted.  The  energy 
ditference  between  the  peak  in  the  2T2  and  2E  absorption 


F;IG.  13.  Dephasmg  lime  for  Cr1 '  ions  in  several  different 
crystal-field  environments  as  a  function  of  l fie  energy  difference 
between  the  peak  in  the  *7'.  and  'E  absorption  transitions.  The 
results  were  obtained  for  pumping  in  the  *T j  level  of  alexandrite 
inversion  sues,  ruby,  alexandrite  mirror  sites,  and  emerald  listed 
in  decreasing  order  of  the  energy  dilference  (adapted  from  data 
reported  in  Refs  5  and  hi 


transitions  for  the  mirror  site  Cr3+  ions  is  1900  cm-1. 
Measurements  of  the  vibronic,  Raman,  and  anti-Stokes 
excitation  spectra12  have  shown  that  the  phonons  of 
lowest  energy  for  which  the  electron-phonon  coupling  is 
significant  are  240-cm_l  phonons.  40-cm-1  phonons 
play  an  important  role  in  the  dynamics  of  the  2E  state,31 
but  should  not  be  as  important  in  the  4T2-2E  nonradiative 
decay.  This  leads  to  a  multiphonon  emission  rate  at  300 
K.  that  is  only  slightly  higher  than  the  multiphonon  emis¬ 
sion  rate  at  30  K.  This  agrees  with  the  experimental  ob¬ 
servations  within  the  experimental  error. 

C.  FWM  signal  intensity 

The  intensity  of  the  FWM  signal  for  excitation  into  the 
2E  and  472  levels  was  measured  under  identical  condi¬ 
tions:  temperature  (50  K),  grating  spacing,  power,  and 
polarization.  The  measured  value  of  the  signal  intensity 
was  adjusted  to  account  for  the  difference  in  the  absorp¬ 
tion  coefficient  at  the  two  excitation  wavelengths.  The 
results  show  that  the  FWM  signal  formed  after  direct  ex¬ 
citation  into  the  2E  state  is  43  times  more  intense  than 
the  FWM  signal  formed  after  excitation  into  the  4T2 
state.  In  both  cases  the  grating  inducing  the  scattering  is 
a  population  grating  of  Cr3+  ions  in  the  2E  level.  There 
are  two  possible  reasons  for  this.  First,  it  has  been  shown 
here  than  an  inversion  site  grating  is  formed  after  excita¬ 
tion  into  the  *T2  band  but  not  after  excitation  into  the  2E 
zero-phonon  lines  of  the  mirror-site  ions.  This  can  pro¬ 
vide  a  loss  mechanism  which  decreases  the  FWM  signal 
intensity.  Second,  the  difference  in  dephasing  times,  2.2 
and  55  ps,  for  the  4T2  and  2E  excitations,  respectively, 
may  be  the  reason  for  this  difference.  The  dephasing  time 
is  related  to  the  laser-induced  changes  in  the  optical 
properties  of  the  material15  which  are  responsible  for  the 
FWM  process,  and  therefore  can  indirectly  affect  the 
FWM  scattering  efficiency  as  shown  in  Eq.  (12).  Since 
the  first  process  has  been  shown  to  be  very  weak,  the 
second  process  should  be  the  dominant  cause  for  the 
difference  in  the  scattering  efficiency  at  the  two  excitation 
wavelengths. 

V.  DISCUSSION  AND  CONCLUSIONS 

In  this  paper  LIG  techniques  have  been  used  to  extend 
the  previously  reported  energy  transfer  and  dephasing 
studies  in  alexandrite.  The  temperature  dependence  of 
the  exciton  diffusion  constant  is  the  same  for  excitation 
into  the  2E  level  and  for  excitation  into  the  *T2  level.  Us¬ 
ing  the  theoretical  framework  developed  by  Kenkre, 23,24 
the  temperature  dependence  of  the  ion-ion  interaction 
rate  and  exciton  scattering  rate  have  been  deduced  It 
should  be  noted  that  the  formalism  of  Kenkre  is  exact 
only  on  a  perfect  lattice,  and  thus  the  theory  of  Kenkre 
should  be  considered  an  approximation  to  the  exciton  dy¬ 
namics  of  the  actual  system.  In  this  system  there  is  a 
broad  distribution  of  distances  between  Cr34  ions,  and 
hence  there  is  a  broad  distribution  of  interaction 
strengths  between  Cr3 '  ions.  Therefore,  the  ion-ion  in¬ 
teraction  strength  in  the  Kenkre  theory  should  be  con¬ 
sidered  to  be  an  average  interaction  strength.  The  tem¬ 
perature  dcpenence  of  the  ion-ton  interaction  rate  is  con- 
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sisten!  with  the  Dexter’5  model,  dominated  by  the  life¬ 
time  and  Imewidth  of  the  spectral  transition.  This  same 
analysis  was  used  to  analyze  the  data  obtained  pumping 
into  the  *T ,  level.  The  ion-ion  interaction  rate  is  the 
same  as  obtained  for  the  lE  excitation,  but  the  exeiton 
scattering  rate  is  slightly  higher.  This  may  be  a  result  of 
the  additional  phonons  generated  in  the  nonradiative  de¬ 
cay  from  the  47\  state  to  the  2E  state.  This  also  confirms 
that  the  grating  is  formed  in  the  :£  state.  The  exeiton 
transport  properties  imply  a  nonuniform  distribution  of 
Cr1  ‘  ions.  The  intensity  of  the  inversion-site  grating 
•onlribution  to  the  LIG  signal  as  a  function  of  the  grat¬ 
ing  spacing  is  consistent  with  the  very  low  concentration 
of  inversion-site  Cr'  *  ions  in  this  sample.  Results  of 
similar  measurements'’  have  shown  that  the  exeiton 
diffusion  coefficient  in  emerald  increases  with  increasing 
temperature.  For  that  case  the  exeiton  scattering  rate 
was  found  to  increase  with  temperature  similarly  to  the 
alexandrite  results,  but  the  ion-ion  interaction  rate  exhib¬ 
ited  a  much  stronger  increase  with  temperature.  This  is 
due  to  the  smaller  crystal-field  splitting  in  emerald  which 
allows  the  4 7',  level  to  become  thermally  populated  at 
much  lower  temperatures  than  in  alexandrite.  The 
higher  oscillator  strength  for  the  4r;-to-4 ,4  2  transition 
and  the  greater  spectral  overlap  from  the  47’2  emission 
significantly  enhances  the  energy  transfer  efficiency. 

The  transient  LIG  signal  was  found  to  retlect  the  satu¬ 
ration  behavior  of  the  pumping  dynamics.  The  model 
used  to  analyze  these  transients  accurately  predicts  the 
functional  dependence  of  the  pumping  dynamics  on  the 
lifetime  of  the  excited  state,  the  pump  intensity,  and  the 
absorption  cross  section.  The  absorption  cross  section 
for  the  inversion-site  ions  at  488  nm  and  the  laser- 
induced  change  in  the  index  of  refraction  were  calculated 
to  be  0.5  <  ID'20  cm2  and  5.0x  10~6,  respectively.  The 
results  of  similar  measurements  on  ions  in  the  mirror 
sites  are  consistent  with  the  higher  value  of  the  saturation 
parameter.  The  power  dependence  of  the  LIG  signal 
shows  a  quadratic  dependence  at  low  pump  powers,  but 
at  high  [mmp  powers  a  deviation  from  this  dependence  is 
evident  T  he  analysis  of  the  data  that  this  departure  from 
a  quadratic  dependence  is  not  a  result  of  a  normal  satura¬ 


tion  process  in  the  pumping  dynamics,  but  is  a  result  of 
beam  depletion  through  the  laser-induced  change  in  the 
absorption  coefficient. 

Measurements  of  the  FWM  scattering  efficiency  as  a 
function  of  the  grating  spacing  yield  information  on  the 
dephasing  time  of  the  system.  These  measurements  were 
done  for  excitation  into  the  2E  and  47~2  states  and  an 
analysis  of  the  data  yielded  two  different  types  of  dephas¬ 
ing  mechanisms.  The  dephasing  time  for  the  direct  exci¬ 
tation  of  the  2E  level  is  consistent  with  the  linewidth 
data,  implying  that  the  inhomogeneous  dephasing  time  is 
the  dominant  dephasing  mechanism.  It  should  be  noted 
that  this  is  not  a  line  narrowing  experiment  and  specific 
subsets  of  ions  are  not  excited.  The  dephasing  time  for 
excitation  into  the  4T2  band  is  consistent  with  the  nonra¬ 
diative  decay  time  from  the  47'2  level  to  the  lE  level. 
This  is  also  evidenced  in  the  temperature  dependence  of 
the  dephasing  time.  A  detailed  theoretical  analysis  of  the 
nonradiative  decay  process  was  carried  out.  The  model 
used  for  this  analysis  includes  the  effects  of  anharmonici- 
ty  and  the  admixing  of  the  different  states  of  the  system. 
The  results  show  the  importance  of  intersystem-crossing 
in  the  initially  excited  vibrational  level  of  the  *T2  state. 
Calculation  of  the  relative  branching  ratio  shows  this 
pathway  for  decay  to  the  bottom  of  the  2E  potential  well 
to  be  more  probable  than  the  pathway  leading  to  the  ini¬ 
tial  relaxation  to  the  bottom  of  the  47'2  potential  well. 
The  dephasing  time  for  alexandrite,  emerald  and  ruby 
was  found  to  vary  approximately  exponentially  with  the 
energy  gap  between  the  peak  of  the  47\  absorption  and 
the  2E  absorption,  and  this  is  interpreted  as  evidence  for 
the  important  role  this  ISC  relaxation  pathway  plays  in 
the  dephasmg  processes  in  these  materials.  Also,  the  in¬ 
tensities  of  the  FWM  signals  for  excitation  into  the  47% 
and  lE  levels  were  found  to  be  significantly  different  and 
this  is  attributed  to  the  difference  in  the  dephasing  rates. 
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The  optical-spectroscopic  properties  of  Cr1+  ions  in  Be3Al2(SiOj)6  crystals  were  investigated  us¬ 
ing  several  techniques.  The  temperature  dependencies  of  the  fluorescence  intensity  and  lifetime 
were  measured  between  10  and  300  K  and  shown  to  be  due  to  thermal  population  effects  in  the  ’T2 
and  2£  levels.  The  results  of  time-resolved  site-selection  spectroscopy  measurements  show  that  the 
Cr14  ions  occupy  several  different  types  of  sites  having  nonequivalent  crystal  fields,  and  that  spec¬ 
tral  energy  transfer  takes  place  between  ions  in  different  types  of  sites.  The  results  of  four-wave 
mixing  measurements  show  the  presence  of  long-range  resonant  energy  migration  among  the 
chromium  ions  and  provide  information  about  the  radiationless  relaxation  rate  from  the  4T2  level  to 
the  2E  level. 


I.  INTRODUCTION 


The  potential  use  of  emerald  [Be3Al2(SiOj)6:Cr3  +  ]  as  a 
tunable  solid-state  laser  material1-3  has  generated 
renewed  interest  in  understanding  the  details  of  the  spec¬ 
troscopic  properties  of  this  crystal.  Although  the  general 
optical  spectroscopic  properties  of  emerald  have  been 
characterized,4-9  (here  are  still  important  unanswered 
questions  concerning  the  local  crystal-field  environment 
of  t he  Cr34  ions,  the  characteristics  of  energy  transfer 
among  the  Cr3r  ions,  and  the  details  of  radiationless 
transition  in  this  material.  We  report  here  the  results  of 
investigating  the  optical  properties  of  emerald  using 
several  different  spectroscopic  techniques,  including 
lime-resolved  site-selection  spectroscopy  (TRSSS)  and 
four-wave  mixing  (FWM).  The  results  show  that  the 
Cr3t  ions  occupy  sites  having  several  different  types  of 
local  crystal-field  environments  and  that  this  leads  to  two 
different  types  of  energy-transfer  processes  in  this  materi¬ 
al.  The  first  is  a  short-range  process  between  ions  in  sites 
having  nonequivalent  crystal-field  environments,  while 
the  second  is  a  resonant,  long-range  migration  process. 
These  processes  are  characterized  in  terms  of  Frenkel  ex- 
eitons  with  the  mobile  excitation  energy  localized  on  a 
Crif  ion.  The  radiationless  transitions  distributing  the 
population  of  excited  ions  among  the  4 1'2  and  2E  levels 
are  shown  to  be  responsible  for  the  temperature  depen¬ 
dences  of  the  fluorescence  intensity  and  lifetime  and  for 
the  dephasing  time  of  the  four-wave  mixing  signal. 

The  sample  was  used  in  this  work  had  a  rectangular 
shape  of  dimensions  7.5  <  13*  3.8  mm  and  a  dark-green 
color.  It  was  grown  by  the  hydrothermal  method  and 
contained  3  at.  %  Cr3 '  ions  I N,,  =  1. 77  X  I020  cm-’). 
Emerald  has  the  beryl  structure  with  a  space  group  desig¬ 
nated  as  Pb/incc  and  two  molecules  per  unit  cell. 111  The 
Cr1  '  ions  substitute  for  the  Al,+  ions  and  ''sit"  at  t he 
center  of  a  slightly  distorted  octahedral  site,  as  is  seen  in 
Fig  I.  The  site  symmetry  of  Cr1'  in  this  lattice  is11,12 


Dy.  The  dominant  structure  in  beryl  is  the  SibO , 8  rings 
which  are  linked  by  Be  and  A1  ions.  As  noted  on  Fig.  1, 
the  first-  and  second-nearest-neighbor  distances  for  the 
Cr3+  sites  are  4.6  and  5.3  A,  respectively. 10  This  is  much 
larger  than  the  2.65-  or  2.7-A  first-nearest-neighbor  dis¬ 
tances  found  in  similar  Cr3  + -doped  laser  materials, 
ruby13  and  alexandrite, 14  respectively.  These  larger  dis¬ 
tances  between  Cr3+  ions  allow  for  high  concentrations 
without  appreciable  concentration  quenching  of  the 
fluorescence.  However,  the  tradeoff  is  that  the  density  of 
available  sites  for  Cr3  4  in  beryl  is  5.9 X  ID21  cm'  \  which 
is  approximately  12%  of  that  in  the  corundum  lailice  of 
ruby.9  For  emerald  doped  with  3  at.  %  Cr3  '  I  here  is  evi¬ 
dence  for  the  presence  of  exchange  coupled  pairs  of  Cr!  1 


EMERALD 

Be3AI2|SI03l6‘Cr3' 


<110) 

CV'  ®Be2’  °S14'  *02 


P6/  mcc  -  D-j 

FIG.  1  Crystal  structure  of  beryl  projected  onto  a  ilOOl 
plane  'Taken  from  Ref  9  ) 
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ions. 111  Also,  at  this  high  level  of  concentration  there  is  a 
considerable  amount  of  internal  strain  in  the  crystal, 
causing  different  local  crystal-field  environments  for  the 
CrJ^  ions  which  results  in  inhomogeneous  broadening  of 
the  optical  transitions.  Both  the  exchange  coupling  and 
microscopic  strains  can  contribute  to  the  spectral  struc¬ 
ture  described  in  Sec.  11. 

II.  OPTICAL  SPECTROSCOPIC  PROPERTIES 

The  absorption  and  fluorescence  spectra  of  emerald  at 
70  K  are  shown  in  Figs.  2  and  3.  The  former  was  ob¬ 
tained  using  an  IBM  9430  UV-Visible  Spectrophotome¬ 
ter.  The  latter  was  taken  using  the  488-nm  line  of  an  ar¬ 
gon  laser  for  the  excitation,  a  1-m  Spex  monochromator 
for  spectral  dispersion,  a  R.CA-C31034  photomultiplier 
lube  to  detect  the  signal,  and  a  lock-in  amplifier  to 
enhance  the  signal-lo-noise  ratio.  The  sample  was  placed 
in  a  cryogenic  refrigerator  in  order  to  control  the  temper¬ 
ature.  Front-surface  excitation  of  the  fluorescence  was 
used  to  minimize  the  effects  of  reabsorption.  The  peaks 
in  the  absorption  spectrum  are  labeled  in  terms  of  the  oc¬ 
tahedral  crystal-field  designations  of  the  final  states  of 
their  transitions  front  the  4  ground  state.  The  fluores¬ 
cence  is  associated  with  zero-phonon  transitions  from  the 
crystal-field-split  components  of  the  2E  level  (R  lines)  and 
broadband  fluorescence,  which  is  a  superposition  of  the 
vibronic  sideband  of  the  R  lines  and  emission  from  the 
47\  level. 

Figure  4  shows  (he  absorption  and  fluorescence  spectra 
in  the  region  of  the  R  lines  at  70  K  uncorrected  for  polar¬ 
ization  effects.  (The  effects  of  polarization  on  the  spectra 
are  clearly  shown  in  Ref.  3.)  Both  fluorescence  and  ab¬ 
sorption  spectra  were  taken  at  temperatures  ranging  from 
10  to  300  K,  but  the  structure  in  the  R  ,  and  R  2  lines  be¬ 
comes  most  visible  around  70  K.  These  lines  are  inhomo- 
geneously  broadened  with  large  linewidths,  consistent 
with  results  reported  previously. 15  The  fluorescence 
spectra  were  obtained  with  cw  excitation  at  457.9  nm. 
Both  of  the  R  lines  in  fluorescence  exhibit  a  structure 


4>(103cm"1 ) 

35  30  25  20  15 


300  400  500  600  700 

Mnm) 

FIG  2  Absorption  spectrum  of  emerald  with  3  at  %  Cr'* 
at  T- 70  K 


650  700  750  800 

X  (nm) 

FIG.  3.  Fluorescence  spectrum  of  emerald  with  3  at.  %  Cr’ 1 
at  T=70  K  using  488-nm  excitation  from  an  argon-ion  laser. 


consisting  of  four  peaks,  and  some  structure  is  also  ob¬ 
served  in  absorption.  The  positions  of  these  components 
are  listed  in  Table  1.  Each  peak  is  designated  with  super¬ 
scripts,  but  it  is  not  clear  how  the  peaks  in  R ,  correlate 
with  those  in  R2.  Assuming  that  each  of  the  peaks  is  as¬ 
sociated  with  a  different  local  crystal-field  environment 
for  the  Cr3+  ion,  and  assuming  the  same  oscillator 
strength  for  the  4  A  lg  —*  1Eg  transition  for  each  type  of  en¬ 
vironment,  it  is  possible  to  estimate  the  relative  concen¬ 
trations  of  the  CrJ+  ions  in  each  of  the  different  environ¬ 
ments  from  the  absorption  spectra  of  the  R  lines.  These 
values  are  listed  in  Table  1. 

The  decay  kinetics  of  the  fluorescence  excitating  at  588 
nm  were  monitored  using  a  boxcar  integrator.  The  sig- 


678  680  682  684 

M  nm) 

FIG  4.  Uigh-resolution  fluorescence  and  absorption  spectra 
of  the  R  lines  in  emerald  at  70  K.  The  vertical  arrows  indicate 
excitation  wavelengths  used  in  site-selection  spectroscopy  O  D 
is  the  optical  density 
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TABLE  I.  Spectral  properties  of  the  R  lines  of  emerald  with  3  at.  %  Cr3  +  at  20  K. 


Parameter 

a 

b 

Site 

c 

d 

e 

Peak  position  A.^  (nm) 

Absorption 

681.55 

681.80 

682.25 

682.60 

Fluorescence 

681.80 

682.20 

682.30 

682.60 

Peak  position  kR ,  (nm) 

Absorption 

678.80 

678.95 

679.24 

679.56 

Fluorescence 

678.95 

679.25 

679.50 

679.65 

Concentration  01  ions 

N,  (  X  lO1"  cm"1) 

1.72 

3.68 

171.60* 

Fluorescence  decay  time  r  (ms) 

A.,.,  =  678.94  nm 

1.112 

1.436 

0.317 

A„  =  679.24  nm 

1.859 

1.079 

1.610 

0.707 

0.351 

A.„  =  679.45  nm 

1.540 

1.575 

Fluorescence  rise  time  i,  (/is) 

A.„  =  678.94  nm 

83.89 

218.7 

A„  =  679.24  nm 

95.86 

112.0 

213.2 

Ae>  =  679.45  nm 

149.8 

364.2 

■“Tins  represents  the  sum  of  the  concentrations  of  ions  in  sites  c  and  d  since  their  transitions  are  not  well 
resolved;  the  transition  from  ions  in  site  e  is  too  small  to  determine  an  accurate  concentration. 


nals  were  found  to  be  single-exponential  decays  over  two 
decades  between  12  and  200  K..  The  decay  time  of  the 
fluorescence  was  1.7  ms  at  temperatures  below  60  K. 
This  is  slightly  longer  than  the  low-temperature  lifetimes 
reported  by  Kisliuk  and  Moore16  and  by  Hassan  et  a! ,9 
In  bo  lit  of  these  cases  it  was  suggested  that  traces  of  Fe2  + 
ions  quenched  the  CrJ  4  fluorescence.  Above  60  K.  the 


FIG  5  Temperature  dependence  of  the  fluorescence  lifetime 
of  emerald 


lifetime  decreases  with  increasing  temperature  due  to 
thermal  population  of  the  4T2  level.  The  temperature 
dependence  of  the  fluorescence  lifetime  is  shown  in  Fig. 
5.  A  theoretical  prediction  for  the  temperature  depen¬ 
dence  of  the  fluorescence  lifetime  can  be  obtained  from 
the  expression 

t~x  —  te  '  +  rp'exp(  —  A£ABT)  .  (1) 

Here  it  has  been  assumed  that  the  2E  and  *T ,  levels  are 
separated  by  an  energy  A E  and  their  populations  are  in 
thermal  equilibrium.  te  and  t r  are  the  intrinsic  lifetimes 
of  these  levels  and  it  is  assumed  that  the  intermediate  2T, 


TABLE  II.  Spectral  energy  transfer  parameters  for  emerald 
with  3  at.  %  CrJf  at  20  K. _ _ 

From  fitting  the  temperature  dependence 
of  the  fluorescence  lifetime 
A  E  381  cm’1 

T  f  14  /IS 

te  1.7  ms 

From  time-resolved  site-selection  spectroscopy  results 
/a(0)//,(0)  0.085 

ft  15.59  s"l/2 

Ra  7.42  A 

From  fitting  the  fluorescence-decay  kinetics 
n"  4.67  X  10  41  cmVs 

£>„  6.51  x  1 0  - 13  cmVs 

a'  15.98  A 

R0  6.11  A 

Theoretical  prediction 
D.  4  6  x10  11  em'/s 
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levels  do  not  play  a  significant  role  in  the  spectral  dynam¬ 
ics. 16  Using  Eq.  (1)  with  the  intrinsic  lifetimes  and  the 
energy  gap  treated  as  adjustable  parameters,  the  best  fit 
to  the  data  is  shown  as  a  solid  line  in  Fig.  5.  The  value  of 
the  energy  gap  between  the  ZE  and  the  4T2  levels  is  found 
to  be  equal  to  381  cm-1,  which  is  in  good  agreement  with 
previous  reported  values.16'17  The  intrinsic  decay  time  of 
the  *T,  level  was  found  to  be  14  /is,  which  is  close  to  the 
values  found  from  previous  investigations.9, 16  The  intrin¬ 
sic  lifetime  of  the  lE  level  was  found  to  be  1.7  ms.  The 
parameters  used  in  obtaining  this  fit  are  listed  in  Table  11. 


III.  TIME-RESOLVED  SITE-SELECTION 
SPECTROSCOPY 

Time-resolved  site-selection  spectroscopy  (TRSSS) 
measurements  were  used  to  characterize  the  properties  of 
short-range  spectral  energy  transfer  between  Cr3+  ions 
with  different  crystal-field  environments  in  emerald.  A 
nitrogen-laser-pumped  dye  laser,  using  Oxazine  720  dye 
with  a  narrow  liuewidth  (  <0  6  A)  was  used  to  selectively 
excite  the  Cr’ f  ions  having  a  specific  type  of  crystal-field 
environment.  Excitation  in  the  R,  line  typically  yields 
three  emission  peaks  in  the  R,  line,  and  the  energy 
transfer  is  predominantly  from  ions  in  crystal-field  envi¬ 
ronments,  resulting  in  higher-energy  transitions  to  those 
in  environments  having  lower-energy  transitions.  Using 
the  labeling  scheme  from  Table  I,  the  ions  with  environ¬ 
ments  giving  transitions  a  and  b  act  as  sensitizers  and 
those  with  the  environment  giving  transition  d  act  as  ac¬ 
tivators.  It  was  not  possible  to  resolve  the  c  or  e  transi¬ 
tions  using  nanosecond  pulse  excitation  into  the  R2  line, 
and  thus  ions  with  environments  giving  rise  to  these  tran¬ 
sitions  are  also  counted  as  activators.  By  taking  spectral 
scans  of  the  fluorescence  emission  at  different  times  after 
the  laser-excitation  pulse,  it  was  possible  to  characterize 
the  lime  evolution  of  the  energy  transfer  between  CrJ  + 
ions  having  different  crystal-field  environments. 

The  experimental  apparatus  for  the  TRSSS  measure¬ 
ments  has  been  described  previously. 18  The  emerald 
sample  was  excited  using  three  different  laser  wave¬ 
lengths,  6789.4,  6792.4,  and  6794.5  A,  which  are  shown 
as  vertical  arrows  in  the  R2  absorption  line  in  Fig.  4. 
The  fluorescence  spectra,  of  the  R,  lines  were  then  spec¬ 
trally  resolved  through  a  1-m  monochromator  and  direct¬ 
ed  onto  a  RCA-C31034  photomultiplier  tube.  The  input 
and  output  slits  were  maintained  at  100  /im  to  ensure  a 
resolution  of  <0,4  A. 

Figure  6  shows  the  typical  fluorescence  spectrum  of  the 
R  |  lines  at  20  K  and  at  1.00  ms  after  excitation  at  6789.4 
A.  It  was  possible  to  resolve  three  separate  peaks  in  the 
fluorescence  as  shown  in  the  figure.  To  study  the  spectral 
energy  transfer,  it  is  necessary  to  know  the  area  associat¬ 
ed  with  each  peak  and  how  it  evolves  with  time.  To  get  a 
good  estimate  for  the  area,  the  data  were  deconvoluted 
with  a  curve-fitting  routine  that  fitted  three  overlapping 
Gaussian  peaks  to  the  fluorescence  spectra.  The  separate 
Gaussians  are  denoted  by  the  dashed  lines  in  Fig.  6,  with 
the  overall  fit  shown  by  the  solid  line.  The  Gaussian 
profile  fits  the  data  quite  well.  From  the  curve-fitting 
routine  it  was  possible  to  obtain  the  total  area,  the  peak 


FIG.  6.  Fluorescence  spectra  of  the  R  ,  lines  in  emerald  at  1 .0 
ms  after  the  pulse  after  selectively  exciting  the  R 2  line  at  6789.4 
A  at  20  K.  The  dots  represent  experimental  data  points  and  the 
dashed  and  solid  lines  represent  the  fitting  with  three  overlap¬ 
ping  Gaussian  curves. 


wavelength  and  intensity,  and  the  full  width  af  half  max¬ 
imum  for  each  Gaussian  component. 

The  fluorescence  risetimes  and  lifetimes  of  each  of  the 
three  peaks  were  monitored  for  each  excitation  wave¬ 
length  and  temperature,  and  their  values  at  20  K.  are  list¬ 
ed  in  Table  1.  The  two  highest-energy  peaks  are  both 
double-exponential  decays  with  fast  risetimes,  while  the 
lowest-energy  peak  is  single  exponential  over  two  decades 
with  a  much  longer  riselime.  The  accuracy  of  the  life¬ 
times  and  risetimes  is  approximately  ±5%.  To  charac¬ 
terize  the  properties  of  energy  transfer  between  ions  with 
different  types  of  crystal-field  environments,  the  two 
highest-energy  peaks  are  designated  as  being  from  sensi¬ 
tizer  ions  and  the  lowest-energy  peak  as  being  from  ac¬ 
tivator  ions,  as  discussed  above.  Figure  7  shows  the 
fluorescence  spectra  of  the  R  ,  lines  for  four  different  tem¬ 
peratures  at  100  /is  after  the  three  different  excitation 
wavelengths.  As  the  excitation  wavelength  is  shifted  to 
lower  energy,  (he  number  of  distinct  peaks  decreases  un¬ 
til  there  is  only  one  fluorescence  peak  remaining,  that  be¬ 
ing  associated  with  the  emission  from  the  activator  ions 
excited  by  the  lowest-energy  excitation  wavelength. 
There  is  also  very  slight  backtransfer  from  activator  to 
sensitizer  sites,  noticeable  mostly  at  higher  temperatures. 
Figure  8  shows  the  fluorescence  spectra  at  20  K.,  for  the 
three  excitation  wavelengths,  at  five  different  times  after 
the  pulse.  The  two  highest-energy  peaks  (transitions 
from  sites  a  and  b )  evolve  at  approximately  the  same  rate, 
while  the  lowest-energy  peak  (transitions  from  sites  c,  d, 
and  e)  evolves  more  slowly  and  becomes  the  dominant 
peak  at  the  longer  times  after  the  pulse. 

The  time  evolution  of  the  R,  lines  is  demonstrated  in 
Fig.  9,  which  shows  the  changes  in  the  ratios  of  the  in¬ 
tegrated  fluorescence  intensities  of  the  activator  transi¬ 
tion  to  that  of  the  sensitizer  transition.  These  areas  are 
taken  from  the  fits  of  the  experimental  data  with  Gauss¬ 
ian  curves.  There  is  an  initial  buildup  of  the  ratios  of  the 
relative  area  of  the  transitions  and,  at  longer  times  after 
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the  pulse,  an  equilibrium  condition  is  approached. 

The  time  evolution  of  the  ratios  can  be  modeled  using  a 
phenomenological  rate-parameter  model. 18  The  sensitiz¬ 
er  ions  are  those  preferentially  excited  by  the  laser  at  a 
rate  If,,  whereas  the  activator  ions  receive  the  energy 
through  energy  transfer  as  well  as  a  small  amount  of 
direct  pumping  at  a  rate  Wa.  n a  and  ns  are  the  concen¬ 
trations  of  the  ions  in  the  excited  states,  Wsa  is  the  rate  of 
energy  transfer  from  sensitizer  to  activator,  and  (30  and 
I3i  are  the  fluorescence  decay  rates  associated  with  each 


M  A) 


FIG  7  Fluorescence  spectra  of  the  /I,  lutes  in  emerald  for 
different  temperatures  at  100  ps  after  the  pulse  after  selectively 
evctlmg  the  R  2  line  at  iji  t>789  4  A,  tbl  6792.4  A,  and  tel  6794.5 
A 


type  of  ion.  As  noted  above,  the  time-resolved  spectral 
data  show  that  backtransfer  from  activator  ions  to  sensi¬ 
tizer  ions  is  negligible  at  low  temperatures  and  weak  at 
high  temperatures.  Therefore  this  process  is  neglected  in 
the  analysis.  The  reason  that  there  is  no  strong  back- 
transfer  in  this  case  is  that  the  concentration  of  ions  in 
activator  sites  is  much  higher  than  the  concentration  of 
ions  in  sensitizer  sites  and  strong  energy  transfer  occurs 
among  activator  ions.  This  is  discussed  in  detail  in  the 
next  section.  With  these  assumptions,  the  rate  equations 


FIG.  8.  Fluorescence  spectra  of  the  R  ,  lines  in  emerald  at  20 
K.  at  live  different  times  alter  the  pulse  after  selectively  exciting 
the  R  ;  hues  at  lal  6789  4  A,  lb)  6792.4  A,  and  (c)  6794  5  A. 
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describing  the  time  evolution  of  the  populations  of  the 
excited  slate  are 


tin. 

dna 

=  >  y„-ptua  +  ivutt, . 


(2) 


(3) 


These  equations  can  be  solved  assuming  a  6-function  ex¬ 
citation  pulse  and  an  explicit  time  dependence  for  the 
energy-transfer  rate.  The  solutions  were  obtained  using 
various  types  of  lime  dependencies  for  Wso  associated 
with  different  types  of  energy-transfer  mechanisms.  It 
was  found  that  the  best  fit  to  the  data  was  obtained  with  a 
time  dependence  for  the  energy-transfer  rate  of  r-l/2. 
The  physical  meaning  of  this  time  dependence  is  dis¬ 
cussed  below.  The  solutions  of  Eqs.  (2)  and  (3)  in  this 
case  are  given  by 

/!,(/)  =  n,(0)exp(  —  ft  ft  —  212/ 1/2 )  , 

na(  f)  =  n,(  0)[exp(  —  ft  ft)  —  cxp(  —  ft  ft  —  2Slil/2)\ 


(4) 


-F/td|0)exp(  -Pjt)  , 


(5) 


where  the  time  dependence  of  the  energy-transfer  rate  is 
written  explicitly  as  lViu  =12/  ~  l/2.  The  ratio  of  the  in¬ 
tegrated  fluorescence  intensities  is  proportional  to  the  ra¬ 
tios  of  the  excited-state  populations, 


FIG.  9.  Time  dependence  of  the  ratios  of  the  integrated 
fluorescence  intensities  of  the  lines  from  CrJ+  ions  in  sensi¬ 
tizer  and  activator  sites  for  four  different  temperatures.  The 
solid  and  dashed  lines  represent  the  theoretical  tils  to  the  experi¬ 
mental  data  using  a  rate-equation  model. 


/„  //,  =  ( ft',  /ft'  X  t  [  /„  ( o  /A  v,  //,  { 0  )),  v„  ]( ft'/ft'u  )  +  1 )  exp(  2ft/ ' /2 )  -  1 ) 


(6) 


where  ft',  and  ft '  are  the  radiative  decay  rates  associated 
with  the  activator  and  sensitizer  ions,  respectively.  The 
solid  and  dashed  lines  in  Fig.  9  represent  the  best  fits  of 
Eq.  (6)  to  the  experimental  data,  treating  /d(0)/Is{0)  and 
U  as  adjustable  parameters.  The  values  for  these  parame¬ 
ters  al  20  K  are  listed  in  Table  II. 

The  t  '1'2  variation  of  the  energy-transfer  rate  is 
characteristic  of  a  single-step  electric-dipole-dipole  in¬ 
teraction  between  randomly  distributed  sensitizers  and 
activators.  This  time  dependence  may  still  be  observed 
when  additional  energy  migration  among  the  sensitizer 
ions  is  present.  In  order  to  determine  the  importance  of 
sensitizer  energy  migration  compared  to  single-step 
transfer,  the  change  in  the  fluorescence  intensity  was 
monitored  as  a  function  of  time.  This  decay  can  be  fitted 
with  an  expression  for  the  time  evolution  of  the  fluores¬ 
cence  with  (lie  energy-transfer  rate  expressed  by  an  ap- 

_ _ _ 1 

IF'm  =  4rrtVJD„a'[  1  +r/'l  ttZ),  t)~  l/2]  +  4nNaa" /3u'3 


propriate  energy-transfer  theory.  In  each  of  these 
theories  the  excitation  energy  is  treated  as  a  mobile 
Frenkel  exciton  localized  on  a  specific  ion  and  able  to  mi¬ 
grate  on  a  lattice  of  sensitizer  ions.  Analysis  of  the  data 
was  attempted  using  several  models  and  it  was  found  that 
the  best  analytical  model  for  describing  the  transfer  ki¬ 
netics  in  emerald  is  that  of  Chow  and  Powell.  w  This 
theory  assumes  that  an  exciton  is  created  on  the  sensitiz¬ 
er  site  and  migrates  among  the  sensitizers,  and  at  each 
step  in  the  random  walk  the  exciton  has  a  possibility  of 
transferring  its  energy  to  any  activator  in  the  lattice.  It  is 
also  assumed  for  this  model  that  the  ion-ion  interaction  is 
of  electric-dipole-dipole  type  and  that  the  sensitizer- 
sensitizer  interaction  is  large  compared  to  that  of  the 
sensitizer-activator  interaction.  Thus,  the  energy-transfer 
rate  is  given  by 1<J 


+  lirN^a’1  f  dr  (a" /rh)\erfc[( r  —  a’)/(4£>„f)l/2J|2 

a' 


8jnVaa'/  *dr(u”/r5)|crfc[(r  —  a')/(4Z>„/),/2]|  , 


(7) 


10  002 


QUARLES,  SUCHOCKI,  POWELL,  AND  LAI 


38 


FIG.  10.  Time  dependence  of  the  fluorescence  emission  in¬ 
tensity  of  one  sensitizer  site  of  Cr1*  in  emerald  at  20  K..  The 
solid  line  represents  the  theoretical  til  to  the  data  using  the 
Chow-Powell  model  for  energy  transfer. 

where  Na  is  the  total  number  of  activators  ( 1 .7 1 6 X  1020 
cm-3  as  listed  in  Table  1),  =  is  the  parameter 

describing  the  single-step  transfer  between  a  sensitizer 
and  an  activator  defined  in  terms  of  the  critical  interac¬ 
tion  distance  R0  and  the  sensitizer  intrinsic  decay  rate  (ls, 
D„  is  the  diffusion  coefficient  for  the  random  walk  among 
the  sensitizer  ions,  and  a'  is  the  trapping  radius  of  an  ac- 
tiv.iior  ion. 

Figure  10  shows  the  typical  results  of  fitting  this  equa¬ 
tion  to  one  of  the  experimental  decay  curves.  The  agree¬ 
ment  between  theory  and  experiment  is  excellent.  The 
validity  of  this  theory  is  determined  by  the  criterion  that 
rrDna'*a"~  1  >  1.  For  20  K  the  values  obtained  from  the 
fitting  procedure  are  D„  =6.51  X  10~13  cm2/s,  a1  =■  15  A, 
and  a"  =  4. 66x  lO"11  emVs,  and  these  give  a  typical 
value  of  22.1  for  the  validity  inequality.  Thus  the  cri¬ 
terion  is  met  and  we  assume  that  this  model  accurately 
describes  the  spectral  energy  transfer  in  emerald.  This  is 
in  good  agreement  with  the  results  of  previous  studies 
that  predicted  a  dipole-dipole-mteraction  mechanism  for 
emerald  from  the  analysis  of  tluorescence-lme-narrowing 
results. *  Using  the  analysis  of  the  data  described  above, 
the  values  of  D„  were  determined  at  several  temperatures 
and  found  to  be  essentially  independent  of  temperature 
below  100  K.  Above  this  temperature  it  was  difficult  to 
obtain  an  accurate  analysis  of  the  data  because  of  thermal 
line  broadening, 

IV.  FOUR-WAVE  MIXING  RESULTS 

Four-wave  mixing  (FWM)  measurements  were  used  to 
characterize  the  properties  of  long-range  spatial  energy 
migration  in  emerald.  The  details  of  the  experimental 


setup  used  in  this  work  were  described  previously  in  Ref. 
20,  Crossed  laser  beams  from  a  ring  dye  laser  were  tuned 
to  588  nm,  in  order  to  resonantly  pump  the  *T2  band. 
This  establishes  a  population  grating  of  excited  Cr3+  ions 
in  the  sample.  The  total  laser  power  used  in  this  work 
was  about  300  mW.  A  He-Ne  laser  was  used  as  the  probe 
beam  and  the  signal  beam  was  processed  by  a  Princeton 
Applied  Research-EG&G  signal  averager.  By  chopping 
the  write  beams  on  and  off,  the  kinetics  of  the  laser- 
induced  grating  could  be  monitored.  These  are 
influenced  by  the  fluorescence  decay  and  the  spatial  mi¬ 
gration  of  Cr3+  excitation  energy  from  the  peak-to-valley 
regions  of  the  grating.  The  primary  measurements  in¬ 
volved  in  this  work  are  the  variations  of  the  FWM  signal 
efficiency  and  decay  rate  with  the  crossing  angle  of  the 
write  beams.  The  former  provides  information  about  ra¬ 
diationless  decay  and  excited-state-absorption  processes, 
while  the  latter  provides  information  about  the  properties 
of  energy  migration  among  the  Cr3+  ions.  Characteriz¬ 
ing  the  energy  migration  is  the  main  focus  of  this  work. 

For  a  simple  sme-wave  grating,  the  scattering  efficiency 
at  the  Bragg  angle  is  given  by21 

rj  =  exp(  —  2aL)[sin2(tf  ir  A/i  /2iU  +  sinh2(<i  Aa/M)]  , 

(8) 

where  a  and  L  are  the  absorption  coefficient  and  thick¬ 
ness  of  the  sample,  and  d  is  the  thickness  of  the  grating. 
Making  the  assumption  that  there  is  little  or  no  beam  de¬ 
pletion,  and  that  the  product  of  the  grating  thickness  and 
the  modulation  depth  is  small,  Eq.  (8)  simplifies  to 

T/  =  (7r/2A.)2(fif2An2)  +  (L)2(d2Aa2)  .  (9) 

For  the  type  of  population  grating  of  interest  here,  it  is 
possible  to  estimate  the  value  of  Ac  from  the  a  standard 
rate-equation  analysis  of  the  populations  of  the  energy 
levels  and  the  transitions  between  them,22'23 

Aa  =  Afa/„(j,(a|  —  a2)/(2/l)al  +  h  v/r)  ,  (10) 

where  iV„  is  the  concentration  of  active  ions,  /,,  is  the  in¬ 
tensity  of  the  write  beams,  r  is  the  fluorescence  lifetime, 
and  a ,  and  <j2  are  the  ground-  and  excited-state  absorp¬ 
tion  cross  sections,  respectively.  A  similar  expression  cun 
be  derived  for  the  change  in  A/;  using  an  oscillator  model 
for  the  transitions. 23  However,  the  results  involve  a  sum 
over  oscillator  strengths  for  all  possible  transitions  and 
this  is  difficult  to  calculate  accurately. 

One  method  for  determining  the  contributions  to  the 
FWM  signal  due  to  A n  and  Aa  is  to  measure  the  varia¬ 
tion  of  the  signal  intensity  with  the  crossing  angle  of  the 
write  beams,  fl.20  The  angle  at  which  the  peak  scattering 
efficiency  occurs  is  sensitive  to  the  relative  magnitudes  of 
the  complex  coupling  constants  which  describe  the  in¬ 
teraction  among  the  four  laser  beams  in  the  crystal,  D, 
and  D2  The  real  and  imaginary  parts  of  Z>,  and  Z>2  were 
determined  by  using  a  Runge-Kutta  technique  to  solve 
the  four  simultaneous  differential  equations  describing 
the  coupled  waves  in  the  crystal.  The  results  were  fitted 
to  the  data  using  a  computer  fitting  routine  and  treating 
D\,  D],  Dr2,  and  D2  as  adjustable  parameters.  The  details 


38 


OPTICAL  SPECTROSCOPY  AND  FOUR-WAVE  MIXING  IN  EMERALD 


10  003 


of  Ill’s  procedure  are  described  fully  in  Ref.  20  and  (he 
values  obtained  for  the  coupling  parameters  are  listed  in 
Table  III. 

The  relationships  between  the  coupling  parameters  and 
the  physical  quantities  of  interest  have  been  derived  by 
analyzing  the  interaction  of  the  laser  beams  with  the  en¬ 
semble  of  atoms. 24,23  The  values  of  Aa,  An,  and  T2  are 
given  by 


Aa=  —  2aD\/D\  , 

(11) 

An  =  (ac/to)(D\/D\ )  , 

(12) 

7'2=(2ru/c)(An/Aa)(to  — cu21)-1  , 

(13) 

where  a  is  tiie  absorption  coefficient  for  the  write-beam 
wavelength  (a  — 5.51  cm"1  at  588  nm),  c  is  the  speed  of 
light,  to  is  the  circular  frequency  of  the  write  beams,  and 
(o2 1  is  the  resonant  frequency  of  the  atomic  transitions. 
The  dephasing  time  can  be  separated  into  two  contribu¬ 
tions, 

7V  1  =  (27',  )-'  +  )<  .  (14) 

where  y  is  the  pure  dephasing  rate  due  to  phonon  scatter¬ 
ing  and  7' j~ 1  represents  the  dephasing  due  to  population 
relaxation.  The  values  obtained  for  these  parameters  are 
listed  m  Table  III.  Using  the  value  obtained  for  Aa  in 
F.q.  (It)).  A  value  for  the  excited-stale  absorption  cross 
section  can  be  obtained.  The  magnitude  of  tr2  obtained  in 
this  way  agrees  with  the  value  of  2.79X  10_2U  cm2  report¬ 
ed  from  direct  excited-state  absorption  measurements. 26 

The  FWM  signal-decay  kinetics  were  found  to  be 
nonexponential  and  dependent  on  the  crossing  angie  of 
the  write  beams  for  all  temperatures  for  which  a  signal 
was  visible.  Above  160  K  no  FWM  signal  was  observed. 


TA13LE  III  Results  of  the  four-wave  mixing  measurements 
in  emerald  with  3  at.  %  Cru  at  12  K 


Results  from  scattering-efficiency  measurements 
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Results  from  grating-decay-kinetics  measurements 
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and  this  can  be  attributed  to  the  small  value  of  the 
fluorescence  lifetime  at  these  temperatures. 27  The  signal 
kinetics  are  consistent  with  the  predictions  of  the  theory 
of  Kenkre,28  which  describes  the  decay  of  a  laser-induced 
grating  in  the  presence  of  loiig-mean-free-paih  exciton 
migration.  Again,  it  should  be  emphasized  that  the  term 
exciton  in  this  case  refers  to  a  Frenkel  exciton  in  which 
the  excitation  energy  is  localized  on  an  individual  CrJ  + 
ion  and  car.  migrate  on  a  lattice  of  Cr3+  ions.  In  the 
Kenkre  model,  the  time  dependence  of  the  normalized 
FWM  signal  is  given  by 


!tt)  =  i 


l)J0(bU2-u2)' 


where  r  is  the  fluorescence  lifetime,  a'  is  the  exciton 
scattering  rate,  and  b  is  given  by 

b  =  n2an  F0/45A.  .  (  (16) 

Here,  V  is  the  ion-ion-interaction  rate,  n  is  the  index  of 
refraction  of  the  crystal,  0  is  the  crossing  angle  of  the 
write  beams,  and  A.  is  the  wavelength  of  the  write  beams. 
The  average  distance  between  uniformly  distributed 
chromium  ions  in  this  sample  is  estimated  to  be  a  =  9.87 
A. 

The  FWM  signal-decay  kinetics  were  fitted  using  Eq. 
(15),  treating  a'  and  b  as  adjustable  parameters.  In  order 
to  emphasize  the  effects  of  energy  migration,  both  the  ex¬ 
perimental  data  and  the  theoretical  expression  were  di¬ 
vided  by  exp(  —2 t/r),  which  eliminates  the  fluorescence- 
decay  contribution  to  the  signal  kinetics.  A  typical 
theoretical  lit  to  the  data  is  shown  in  Fig.  11.  The  excel¬ 
lent  fit  to  the  nonexponential  shape  of  the  curve  indicates 
the  presence  of  long-mean-free-path  exciton  migration. 
The  values  of  a'  and  V  obtained  in  this  way  can  be  used 


to  calculate  the  parameters  for  characterizing  the  dynam¬ 
ics  of  the  excitation  migration.  These  include  the  reso¬ 
nant  diffusion  coefficient,  the  mean  free  path,  the 
diffusion  length,  and  the  number  of  sites  visited  between 
scattering  events, 


Dr  =2V1a1  /a'  , 

(17) 

Lm  =  1.414^/0'  , 

(18) 

LD=(2Drr)W2  , 

(19) 

'V,  =Lm  /a  . 

(20) 

The  values  of  a',  V,  Dr,  Lm,  L0,  and  N ,  were  calculated 
for  each  temperature  and  the  values  obtained  at  low  tem¬ 
perature  are  listed  in  Table  III.  It  should  be  pointed  out 
that  the  expressions  in  Eqs.  ( 1 7)  —  (20)  are  for  migration 
on  a  uniform  lattice  and  thus  should  be  considered  as  ap¬ 
proximate  values  for  the  random  lattice  associated  with 
the  case  of  interest  here. 

Figure  12  shows  the  temperature  dependences  of  the 
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FIG  11.  Four-wave  mixing  decay  kinetics  (points)  and 
theoretical  fit  to  the  Jata  using  Eq.  ( 1 S)  (solid  line)  after  dividing 
by  the  lluorescence-decay  factor.  T—  16  K  and  the  crossing  an¬ 
gle  of  the  write  beams  is  (3  =  20". 


T(  K) 


FIG.  12.  Temperature  dependence  of  (a)  the  ion- 
ton  -  interaction  rate  Land,  lb)  the  exctlon  scattering  rale  o'  ob¬ 
tained  trorn  FWM  data  The  dashed  line  in  ta)  and  the  solid 
points  in  (bl  represent  theoretical  predictions. 


ion-ion -interaction  rate  and  the  scattering  rate.  Doth  a' 
and  V  increase  with  temperature  in  this  range.  The  in¬ 
crease  in  the  former  can  be  attributed  to  increased 
scattering  by  acoustic  phonons.  The  theoretical  treat¬ 
ment  of  Frenkel  exciton  scattering  by  acoustic  phonons 
has  been  developed  by  Agranovich  and  co-workers. 29 
The  results  of  their  work  show  that  the  scattering  rale 
should  increase  as  Tl/2  and  the  dashed  line  in  Fig.  12(a) 
shows  this  type  of  variation.  This  provides  a  reasonable 
explanation  for  the  experimentally  observed  temperature 
dependence  of  a'. 

The  temperature  dependence  of  V  can  be  attributed  to 
the  relative  increase  in  the  vibronic  sideband  emission 
compared  to  the  fl-line  emission  as  temperature  is  raised. 
This  causes  an  increase  in  the  overlap  between  the  emis¬ 
sion  and  absorption  spectra  and  an  increase  in  the  total 
emission  rate.  Doth  of  these  factors  cause  the  ion- 
ion-interaction  rate  to  increase.  This  can  be  approxi¬ 
mated  by 

Km  =  Cr- '(/„„//„)  ,  (21) 

where  the  7’s  represent  the  intensities  of  the  two  com¬ 
ponents  of  the  fluorescence  spectrum  and  C  is  a  propor¬ 
tionality  constant  Using  the  values  of  the  relative  inten¬ 
sities  and  the  fluorescence  lifetime  measured  experimen¬ 
tally  in  Eq.  (21)  gives  the  theoretical  points  shown  in  Fig. 
12(b),  which  are  in  good  agreement  with  the  experimen¬ 
tally  determined  temperature  dependence  for  V. 

Using  Eq.  (17),  the  diffusion  coefficient  for  long-range 
resonant  exciton  migration  can  be  determined.  Figure  13 
shows  the  results  obtained  using  the  experimental  points 
for  V  and  a'.  The  solid  line  in  the  figure  is  obtained  using 
the  theoretical  curves  given  in  Figs.  12(a)  and  12(b). 
There  is  a  good  agreement  between  the  two  results. 


T(K) 


TIG.  13  Temperature  dependence  of  the  e.v  ilon  diffusion 
coefficient  obtained  from  FWM  data  The  solid  line  represents 
t he  theoretical  prediction  for  D, 
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V.  SUMMARY  AND  CONCLUSIONS 

Laser  site-selection  spectroscopy  shows  that  the  Cr1  + 
ions  in  emerald  have  different  types  of  local  crystal-field 
environments.  The  origin  of  these  different  environments 
cannot  he  determined  from  available  spectroscopic  infor¬ 
mation.  The  beryl  host  structure  does  not  have  distinctly 
different  lattice  sites  for  the  Al3  +  ions  for  which  the  Cr3  + 
ions  substitute.  However,  this  type  of  spectral  structure 
has  been  observed  for  many  types  of  optically  active  ions 
in  crystals  and  is  generally  attributed  to  two  possible 
sources.  The  first  is  microscopic  strains  associated  with 
neighboring  lattice  imperfections  (either  point  defects  or 
dislocations).  The  second  is  exchange  interaction  be¬ 
tween  pairs  of  Cr3*  ions.  The  identification  of  the  origin 
of  the  spectral  structure  in  emerald  requires  further  work 
with  a  variety  of  samples  having  different  concentrations 
of  defects  and  of  Cr3*  ions.  However,  it  is  not  necessary 
to  know  the  exact  nature  of  the  inequivalent  eir.  iron- 
menls  to  analyze  the  general  dynamics  of  the  energy- 
transfer  processes  in  the  material,  which  is  the  central  in¬ 
terest  of  this  work. 

The  results  described  here  indicate  that  there  are  two 
different  types  of  energy-transfer  processes  taking  place 
in  emerald.  The  first  is  short-range  spectra!  migration 
among  Cr3  ‘  ions  having  different  types  of  local  crystal- 
lield  environments,  while  the  second  is  long-range  spatial 
migration  among  CrJ  H  ions  having  resonant  transition 
energies.  The  former  evolves  from  ions  having  local  envi¬ 
ronments  leading  to  high-energy  transitions  in  the  spec¬ 
tral  profile  to  ions  having  local  environments  leading  to 
low-energy  transitions.  The  relative  concentration  of  the 
latter  type  of  ions  is  about  2  orders  of  magnitude  greater 
than  the  former.  In  this  case  the  spectral  transfer  is  con¬ 
sistent  with  an  electric -dipole-dipole  interaction  mecha¬ 
nism  and  is  independent  of  temperature  at  low  tempera¬ 
ture.  I  he  hitter  type  of  spatial  transfer  involves  a 
stronger  interaction  mechanism  between  ions  in  the  more 
concentrated  type  of  environment,  and  the  transfer  rate 
increases  with  increasing  temperature  due  to  the  increas¬ 
ing  importance  of  vibromc  emission. 

For  both  types  of  energy  transfer  observed  in  this 
work,  (lie  multistep  migration  of  energy  is  modeled  as  a 
mobile  Frenkel  excilon  with  excitation  energy  localized 
on  an  individual  Cr'  1  ion.  Theoretical  estimates  can  Ire 
made  for  the  diffusion  'coefficient  describing  (his  type  of 
process.  For  incoherent  hopping  migration  via  dipole- 
dipole  interaction,  the  diffusion  can  be  expressed  as'0  31 

/),,  =  (4rr,V|  R  !j /br,  t  J*  R  2  expv  —  4rriV,R  j/3 )dR  . 

(22) 

Here,  A,  is  the  concentration  of  ions  in  the  type  of  site 
transferring  the  energy  and  r,  is  the  fluorescence  decay 
time  of  these  ions.  Rtl  is  the  critical  interaction  distance 
which  can  be  determined  from  the  overlap  of  the  emis¬ 
sion  and  absorption  spectra  of  the  ions  between  which 
transfe,  is  occurring.  Hie  lower  limit  of  the  integral  is 
taken  to  be  the  nearest-neighbor  distance  of  4.6  A.  The 
value  of  !).,  calculated  from  this  expression  using  mea¬ 
sured  spectral  data  is  listed  in  Table  II.  The  result  is  the 
same  order  of  magnitude  as  that  determined  from  the  ex¬ 


perimental  results  described  above.  This  is  also  con¬ 
sistent  with  the  values  obtained  for  the  diffusion 
coefficient  in  o' her  materials  measured  under  similar  con¬ 
ditions. 

The  order  of  magnitude  of  the  diffusion  coefficient 
describing  long-range  resonant  energy  migration  is 
significantly  larger  than  the  spectral  diffusion  coefficient. 
If  Eq.  (22)  is  solved  using  the  greater  concentration  of 
ions  in  sites  c,  d,  and  e,  a  value  is  predicted  for  .he 
diffusion  coefficient  of  the  order  of  4X  1010  cm!s"', 
which  is  still  much  smaller  than  the  diffusion  coefficient 
determined  by  FWM  results.  The  only  way  the  highet 
values  of  the  diffusion  coefficient  to  be  predicted  theoreti¬ 
cally  is  to  assume  a  stronger  mechanism  of  the  ion-ion  in¬ 
teraction.  If  the  energy  transfer  takes  place  by  exchange 
interaction,  Eq.  (22)  is  replaced  by32 

D..=(2trN  ,P0/l)  f  ”^4exp[ -HR  /L  4-  X.rN.R  3/3 ) ]  , 

J  a 

*  (23) 

where  L  is  the  average  Bohr  radius  of  the  ;lectron  wave 
functions  and  P0  is  a  constant  that  depends  on  the  spatial 
overlap  of  the  wave  functions  and  the  spectral  overlap  in¬ 
tegral.  These  parameters  have  not  been  determined 
specifically  for  emerald,  and  thus  an  exact  value  for  DrA 
cannot  be  obtained  for  this  system.  However,  for  Cr3* 
ions  in  AFOj  (ruby)  these  parameters  have  been  found  to 
be11-33  L  =  0.97  A  and  7^=4. 3xl014  s_1.  Using  these 
values  in  Eq.  (23)  gives  D„=I0*7  cm2s_l,  which  is  in 
good  agreement  with  the  value  of  D,  obtained  from 
FWM  measurements.  The  value  of  L  will  always  be  close 
1  A,  but  Pj  can  vary  appreciably  from  host  to  host. 
The  nearest-neighbor  spacings  between  Cr3+  ions  in  the 
ruby  lattice  are  smaller  than  in  emerald,  but  the  concen¬ 
tration  of  Cr3+  ions  present  in  our  emerald  sample  is 
much  greater  than  in  most  ruby  samples. ' 1,33  Thus  the 
predicted  value  of  Del  obtained  from  Eq.  (23)  must  be 
taken  as  oniy  a  rough  estimate  for  emerald.  However, 
the  point  of  this  analysis  is  to  show  that  a  strong,  short- 
range  interaction  mechanism  such  as  exchange  can  lead 
to  a  diffusion  coefficient  of  the  order  of  magnitude  of  that 
obtained  from  FWM  measurements. 

It  should  be  emphasized  that  there  is  no  discrepancy 
between  the  results  of  TRSSS  and  FWM  measurements. 
The  former  probes  the  properties  of  energy  transfer  from 
ions  in  a  specific  type  environment  to  ions  in  other  types 
of  environments.  These  results  are  strongly  affected  by 
the  fa-  :  that  the  concentration  of  ions  in  activator  envi¬ 
ronments  is  significantly  greater  than  the  concentration 
of  ions  in  sensitizer  environments.  This  leads  to  a 
dipole-dipole  interaction  with  negligible  backtransfer. 
On  the  oilier  hand,  the  FWM  measurements  are  only  sen¬ 
sitive  to  energy  migration  of  distances  of  the  order  of  a 
grating  spacing.  Flius  the  enerDy  transfer  measured  by 
this  method  takes  place  among  the  ions  in  the  highest- 
concentration  environment  through  a  strong  interaction 
mechanism  such  as  exchange.  Both  types  of  measute- 
ments  are  necessary  to  obtain  a  complete  picture  of  the 
different  types  of  energy-transfer  processes  taking  place 
in  the  sample. 

The  value  obtained  for  D,  is  similar  to  that  obtained 
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for  alexandrite.20  However,  the  temperature  dependence 
of  Dr  is  quite  different  in  alexandrite  and  emerald.  In 
both  materials  the  scattering  rate  limiting  the  mean  free 
path  of  the  excitons  was  found  to  increase  with  tempera¬ 
ture.  However,  at  low  temperatures  the  ion- 
ion-interaction  rate  in  alexandrite  is  independent  of  tem¬ 
perature,  whereas  in  emerald  it  increases  with  tempera¬ 
ture.  This  is  because  the  vibronic  emission  transitions  be¬ 
gin  to  become  important  at  much  lower  temperatures  in 
emerald  than  in  alexandrite,  as  can  be  seen  from  their 
fluorescence  spectra.  This  is  associated  with  the  weaker 
crystal  field  at  the  site  of  the  Cr3+  ion  in  the  emerald  host 
compared  to  alexandrite. 

The  dephasing  time  found  for  emerald  is  less  than  the 
values  found  from  ruby  and  alexandrite.20  This  follows  a 
trend  of  decreasing  T2  with  decreasing  crystal-field 
strength.  Assuming  the  dephasing  is  dominated  by  the 
radiationless  relaxation  to  the  bottom  of  the  2£  potential 
well,  the  dependence  on  crystal-field  strength  implies 


direct  relaxation  in  the  2£  level  instead  of  initial  relaxa¬ 
tion  in  the  47’2  level.  Since  the  two  states  are  mixed,  the 
branching  ratio  for  radiationless  relaxation  will  be  deter¬ 
mined  by  the  relative  densities  of  states  at  the  terminal 
point  of  the  absorption  transition.  For  the  materials  in¬ 
vestigated  thus  far,  the  branching  ratio  in  the  2£  level 
will  be  much  greater  than  that  in  the  4T2  level.  For  hosts 
with  smaller  crystal-field  strengths  the  relative  magni¬ 
tudes  of  these  branching  ratios  will  be  quite  different. 
Therefore,  making  similar  measurements  on  low-cryslal- 
field-strength  materials  is  an  important  test  of  this  model 
for  interpreting  the  T2  results. 
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Four-wave-mixing  (FWM)  experiments  svere  performed  on  a  Cr1+-doped  transparent  ceramic 
material  with  the  composition  of  cordierite.  Whereas  no  FWM  signal  could  be  observed  in  a  nor¬ 
mal  glass  of  this  type,  a  strong  signal  was  observed  after  devitrification.  The  signal  strength  in¬ 
creases  as  temperature  is  lowered,  even  though  the  fluorescence  lifetime  is  constant.  The  variation 
of  the  signal  strength  and  decay  rate  with  crossing  angle  of  the  write  beams  shows  that  there  is  no 
long-range  energy  migration,  and  the  dephasing  time  due  to  radiationless  processes  in  the  excited 
stale  is  very  fast  compared  to  Cr1 ’-doped  crystals.  The  increase  of  the  signal  intensity  with  laser 
power  shows  the  effects  of  saturation  and  excited-state  absorption. 


I.  INTRODUCTION 

Glass  ceramics  are  highly  attractive  materials  for 
many  optical  technology  applications  because  they  com¬ 
bine  the  properties  of  crystals  with  the  advantages  of 
glasses.1'  Several  different  authors  have  suggested  the 
application  of  CrJ  + -doped  transparent  glass  ceramics  as 
lasers  and  other  luminescent  devices.1"7  In  earlier  publi¬ 
cations3-10  we  reported  a  technique  for  synthesizing  a 
transparent  glass  ceramic  similar  to  cordierite  without 
any  nucleating  agent  other  than  Cr1 ’.  This  particular 
technique  results  in  a  high  concentration  of  CrJ+  ions, 
with  most  of  them  being  in  the  crystalline  phase.  The 
fluorescence  properties  of  this  material  were  also  report¬ 
ed.8'10  The  luminescence  consists  mainly  of  a  broad 
line  centered  around  693  nm,  with  a  width  of  approxi¬ 
mately  250  cm-1  at  room  temperature.  This  fluores¬ 
cence  comes  from  the  2E-*A2  transitions  of  the  Cr  *s 
in  the  MgAI,04  crystalline  phase.  The  significant  1...10- 
mogeneous  broadening  was  attributed  to  a  cation  disor¬ 
der  in  this  phase. 

In  this  paper,  we  report  the  results  of  further  investi¬ 
gations  of  the  spectroscopic  properties  of  this  material 
using  four-wave  mixing  (FWM)  spectroscopy.  This  tech¬ 
nique  has  been  shown  to  be  a  powerful  tool  in  character¬ 
izing  the  spectral  dynamics  of  rare-earth  and  transition- 
metal  ions  in  crystalline  hosts."  '2  The  results  obtained 
in  this  work  show  that  devitrification  allows  FWM  sig¬ 
nals  to  be  observed  in  glass  ceramics  whereas  no  signal 
could  be  observed  in  the  normal  glass.  The  properties  of 
the  variation  of  the  signal  with  laser  power,  write-beam¬ 
crossing  angle,  and  temperature  provide  information 
about  the  pumping,  decay,  and  energy-transfer  charac¬ 
teristics  of  the  Cr1’  ions  in  this  type  of  host  material. 


II.  EXPERIMENT 

The  base  glass  used  to  obtain  the  glass  ceramic  has  the 
following  composition  tin  mol%):  56.9  SiO,,  22.36 


Al203,  20.39  MgO,  and  0.35  Cr203.  This  is  close  to  the 
mineral  cordierite  and  contains  1.77 X  I02°  Cr  atoms  per 
cm1.  The  glass  ceramic  is  obtained  by  heating  the  glass 
to  950°C.  The  final  sample  is  about  ^68%  crystallized. 
The  crystalline  regions  are  about  350  A  in  diameter  and 
their  composition  is  Mg  (AI)_1Cr<  )204.  Since  .v  is 
much  less  than  1,  the  particles  are  similar  to  chromium- 
doped  spinel  crystals.8 

The  experimental  setup  used  for  the  FWM  measure¬ 
ments  is  shown  in  Fig.  1.  The  514.5-nm  line  of  a  Spectra 
Physics  argon  laser  was  used  to  excite  the  high-energy 
side  of  the  *A2-*T2  absorption  band  of  the  Cr1 1  ions. 
An  argon-laser-pumped  jet  dye  laser  with  rhodamine  6G 
tuned  to  571.5  nm  was  used  to  excite  the  low-energy  side 
of  the  same  absorption  band.  The  total  power  was 
varied  using  a  variable  neutral-density  filter.  The  laser 
output  was  split  into  two  beams  which  were  slightly  fo¬ 
cused  and  crossed  inside  the  sample  to  form  an  interfer¬ 
ence  pattern  in  the  shape  of  a  sine  wave.  The  difference 


C  H 


FIO  ’  Experimental  setup  lor  FWM  measurements.  CM 
chopper;  ND,  variable  neulral-dcnsiiy  tiller;  M,  mirror;  lib, 
beam  splitter;  and  I’M,  photomultiplier  lube. 
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in  t he  optical  path  lengths  of  these  two  write  beams  was 
less  than  the  coherence  length  of  the  laser. 

The  interference  pattern  of  the  crossed  laser  beams  in¬ 
duces  a  change  in  the  complex  refractive  index  of  the 
sample  with  the  same  spatial  pattern.  This  appears  as  a 
refractive-index  grating  which  can  be  probed  by  scatter¬ 
ing  a  read  beam  produced  by  a  10-mW  Ile-Ne  laser  at 
632  8  nm.  The  maximum  signal  intensity  is  obtained  for 
the  Bragg  scattering  condition.  For  this  situation,  the 
read  beam  is  slightly  misaligned  from  being  counter- 
propagating  with  one  of  the  write  beams  and  the  signal 
beam  is  slightly  olT  counterpropagating  with  the  other 
write  beam.  A  mirror  was  used  to  pick  off  the  signal 
beam  and  send  it  through  a  0.25-m  monochromator  to 
eliminate  sample  fluorescence.  The  signal  was  detected 
by  a  Hamamatsu  R1547  photomultiplier  tube,  processed 
by  an  EG&G/PAR  signal  averager,  and  read  out  on  a 
strip-chart  recorder.  For  transient  measurements,  a 
mechanical  chopper  was  used  to  turn  the  write  beams  off 
and  on.  To  determine  the  temperature  dependence  of 
the  FWM  signal,  the  sample  was  mounted  on  the  cold 
linger  of  a  cryogenic  refrigerator  with  a  temperature 
controller  capable  of  temperature  variation  between 
about  1  5  and  300  K. 

III.  DESCRIPTION  OF  RESULTS 

FWM  experiments  were  attempted  on  the  normal 
glass  sample,  but  no  signal  could  be  observed  at  any 
temperatures.  On  the  other  hand,  for  the  glass  ceramic 
a  strong  FWM  signal  was  observed  for  both  the  514.5- 
and  571.5-nm  excitation  lines.  The  scattering  efficiency 
was  measured  to  be  approximately  0.01  with  the  514.5- 
nni  excitation  at  a  write-beam  intensity  at  1.3XI04 
Wcm'!.  When  exciting  with  the  571.5-nm  line  at  a 
write-beam  intensity  of  3.8XlOJ  Wcm"2,  the  scattering 
efficiency  was  found  to  be  approximately  0.002.  In  addi¬ 
tion,  a  thermal  lensing  effect  was  also  observed  with  the 
514.5-nm  excitation  line,  becoming  significantly  imnor- 
liint  at  intensities  greater  Ilian  4.0  X  10'  W  cm  2,  and 
leading  to  the  destruction  of  the  FWM  signal  above 
1.3  v  |(r  W  cnr2.  For  this  study,  we  restricted  the  laser 
power  to  below  5.0  X  10’  W  cm  ~2. 

When  the  write  beams  were  chopped  olf,  t he  decay 
rate  of  the  FWM  signal  was  measured  to  be  equal  to 
twice  the  measured  2£-4/l2  luminescence  decay  rate  for 
all  crossing  angles  of  the  write  beams.  The  same  result 
was  obtained  for  both  excitation  wavelengths  at  all  tem¬ 
peratures.  This  is  the  normal  behavior  for  a  population 
grating  without  the  presence  of  any  long-range  energy 
migration. 

The  scattering  efficiency  was  measured  for  different 
write. beam  crossing  angles  using  the  514.5  nm  laser  line. 
At  room  temperature  and  relatively  high  power 
>3  8  v  It)'  W  cm  ‘2),  the  angular  dependence  of  the  FWM 
signal  is  shown  in  Fig.  2(a).  The  observed  behavior  with 
a  rather  flat  angular  dependence  is  quite  unusual.  When 
the  power  is  decreased  to  6.4X  I02  Wcm-2,  the  angular 
dependence  changes  drastically,  as  shown  in  Fig.  2(b).  A 
change  in  the  shape  of  the  angular  dependence  is  also 
observed  when  the  temperature  is  lowered  to  120  K  [Fig. 
2(c)], 


FIG.  2.  FWM  scattering  efficiency  vs  crossing  angle  of  the 
write  beams  in  the  sample  for  an  excitation  wavelenglli  of 
514.5  nm.  (a)  T=  300  K,  P  =  3. 8 X  10'  Wcm  ‘ '.  (b>  T  —  300  K , 
P  =6.4x  I02  Wcm  !.  (c)  7'=I20  K,  P  =  3.8x10’  WcnrJ. 
(See  text  for  explanation  of  theoretical  lines.) 


The  intensity  of  the  FWM  signal  was  monitored  as  a 
function  of  temperature  and  found  to  increase  as  the 
temperature  was  lowered.  Typical  results  are  shown  in 
Fig.  3.  The  same  type  of  temperature  dependence  of  the 
FWM  signal  was  observed  for  both  excitation  wave¬ 
lengths.  The  temperature  dependence  of  the  lumines¬ 
cence  decay  rate  was  also  measured  for  this  sample  and 
no  change  was  observed  in  this  temperature  range.  The 
temperature  dependence  of  the  FWM  signal  intensity 
from  a  population  grating  is  generally  proportional  to 


FIG  3.  Temperature  dependence  of  the  FWM  scattering 
efficiency  for  an  excitation  wavelength  of  514  5  nm. 
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the  temperature  dependence  of  the  fluorescence  lifetime. 
Since  this  is  not  the  case  for  the  glass  ceramic  studied 
here,  other  temperature-dependent  processes  must  be 
affecting  the  FWM  signal. 

The  FWM  scattering  efficiency  was  also  recorded  as  a 
function  of  total  laser  power  in  the  write  beams  and  the 
results  are  presented  in  Fig.  4.  With  the  514.5-nm  exci¬ 
tation  line  [Fig.  4(a)],  the  signal  intensity  follows  approx¬ 
imately  a  quadratic  dependence  on  the  writing-beam  in¬ 
tensity  [/,  =  (/,  1 2  )1/2J  at  low  powers.  Above  4.0X101 
W  cm-2  the  signal  tends  toward  a  saturation  level.  With 
the  571.5-nm  excitation  line  [Fig.  4(b)]  the  signal  follows 
a  fourth-law  dependence  on  laser  power  with  no  ob- 
sai  wd  saturation. 

IV.  DISCUSSION 

For  the  type  of  sample  investigated  here,  the  FWM 
signal  is  associated  with  the  scattering  of  the  write  beam 
from  a  laser-induced  population  grating.  The  grating 
arises  from  the  modulation  of  the  complex  refractive  in¬ 
dex  of  the  material  due  to  the  difference  in  the  polariza¬ 
bility  of  the  Cr3r  ions  in  the  ground  state  and  excited 
state.13  The  absence  of  a  FWM  signal  in  the  base  glass 
is  not  surprising  due  to  the  very  low  quantum  yield  of 
CrJ  *■  ions  in  this  host  even  at  low  temperatures.3, 14  This 
is  associated  with  strong  nonradiative  relaxation  for 
CrJ  f  ions  in  weak  crystal  field  sites. 

For  a  holographic  grating,  the  FWM  scattering 
efficiency  is  expressed  in  terms  of  the  contributions  from 
the  modulated  absorption  and  dispersion  pans  of  the  re¬ 
fractive  index  as13 

)/  =  exp(  —  2rt(,r  )[sinlr(  A«  T/2  )  +  siir(  nTA/i  /A.)]  .  (1) 

Here  T  =  d/cosl2 0)  where  d  is  the  grating  thickness  and 
0  is  the  crossing  angle  of  the  write  beams  in  the  sample. 
As  a  first  approximation,  t lie  contribution  from  the  ab¬ 


t  IO  4  FWM  scattering  eJlieieney  vs  total  vvrne-bcain 
power  lor  On  514.5  excitation  .mil  Ox  571.5-mn  excitation.  (See 
lexl  for  explanation  of  the  theoretical  lines.) 


sorption  part  can  be  neglected  and  the  sine  function  ex¬ 
panded.  This  predicts  that  the  signal  intensity  /,  will  be 
proportional  to  the  square  of  the  modulation  of  the  re¬ 
fractive  index,  An, 

/s  cc  |  An  1 2  .  (2) 

In  the  absence  of  any  long-range  energy  migration,  A n 
will  decay  with  the  decay  of  the  excited-state  population, 
and  therefore 

A(/)  =  /0exp(  ~lt/Tj)  (3) 

where  Tf  is  the  fluorescence  lifetime.  In  this  glass 
ceramic  sample,  the  2E  fluorescence  decay  is  highly 
nonexponential  due  to  the  wide  distribution  of  crystal 
field  sites  and  the  presence  of  strong  ion-ion  interac¬ 
tions.10  In  this  case,  we  define  the  lifetime  as  the  l/e 
time  of  the  decay  of  the  fluorescence  intensity.  The 
FWM  signal  exhibits  the  same  degree  of  nonexponential- 
ity,  and  thus  the  1/e  definition  is  again  used  for  the  sig¬ 
nal  decay  time.  Typical  fluorescence  and  FWM  signal 
decays  are  shown  in  Fig.  5.  Equation  (3)  predicts  that 
the  FWM  signal  will  decay  with  a  decay  time  equal  to 
half  that  of  the  fluorescence  decay.  This  corresponds  ex¬ 
actly  to  what  we  observe  and  holds  for  all  times  of  the 
nonexponential  decays  for  our  glass  ceramic  sample. 
Thus  we  attribute  the  FWM  signal  to  scattering  from  a 
population  grating  of  Cr:l+  ions  in  the  :E  excited  state 
without  any  long-range  energy  migration,  at  all  tempera¬ 
tures  in  the  range  20-300  K..  The  sample  consists  of  mi¬ 
crocrystals  of  about  400  A  diameter  embedded  in  a  glass 
matrix,  and  the  grating  spacing  is  of  the  order  of  10000 
A.  Since  the  FWM  signal  is  only  sensitive  to  energy  mi¬ 
gration  over  distances  of  the  order  of  the  grating,  it  is 
not  surprising  that  no  long-range  energy  transfer  is  oh- 


FIG.  5  Decay  curves  at  120  K  of  die  fluorescence  (circles) 
and  l-WM  signal  for  0  =  2. h  (squares). 
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served.  We  expect  some  energy  diffusion  within  each 
microcrystal,  but  not  between  different  microcrystals. 
This  is  similar  to  what  has  been  observed  in 
semiconductor-doped  glasses. 10 

Assuming  a  simple  two-level  model  for  the  atomic  sys¬ 
tem,  equations  describing  the  FWM  scattering  efficiency 
versus  crossing  angle  have  been  derived,11  but  no  analyt¬ 
ic  solution  has  been  obtained  tor  these  equations.  To  an¬ 
alyze  the  experimental  results,  the  two  coupled,  complex 
differential  equations  needed  to  describe  the  FWM  signal 
are  solved  numerically  using  a  fourth-order  Runge- 
Kutta  method.  The  numerical  values  of  the  coupling 
coefficients  obtained  by  tilting  this  model  to  experimen¬ 
tal  results  can  then  be  used  to  determine  the  laser- 
induced  modulation  of  the  absorption  A  a  and  dispersion 
A//  parts  of  the  refractive  index.11  Theoretical  fits  to  the 
data  are  shown  as  solid  lines  in  Fig.  2  and  the  values  of 
the  fitting  parameters  are  listed  in  Table  I.  Using  these 
results,  the  dephasing  time  of  the  atomic  system  T2  can 
then  be  calculated  from  the  expression11 

/  2  ~  i  2a>  /c  It  A/i /Air )( to  -  it>  |  > ) " 1  ,  (4) 

where  <•),,  is  the  center  frequency  of  the  transition.  The 
values  of  / ',  obtained  from  this  analysis  are  reported  in 
Table  I.  Depending  on  the  temperature  and  excitation 
power,  the  dephasing  lime  varies  from  10.2  to  53.4  fs. 

In  previous  work  of  this  type  on  Cr34  crystals,"  the 
magnitude  of  the  dephasing  time  has  been  related  to  the 
energy  gap  between  the  iT,  and  'E  levels.  The  smaller 
this  gap  the  smaller  T 2.  However,  for  the  glass  ceramic 
the  average  energy  gap  is  greater  than  1400  cm"1,  which 
is  consistent  with  the  observation  of  a  constant  fluores¬ 
cence  decay  time  between  10  and  300  K..  Extrapolating 
(he  crystal  results  to  this  value  of  A E  predicts  a  dephas- 
ing  time  of  the  order  of  several  picoseconds.  However, 
the  glass  ceramic  has  a  much  greater  degree  of  inhomo¬ 
geneous  broadening  not  present  in  the  crystalline  hosts.10 
The  broatl  distribution  of  crystal  field  strengths  for  the 
Cr  '  sites  results  in  some  of  them  having  the  relaxed 
iTl  level  below  the  :E  level.  This  ts  shown  by  the  obser¬ 
vation  of  weak  luminescence  from  the  4T2  level  along 
with  the  strong  luminescence  from  the  2E  level.10  The 
observed  nonlinear  polarization  responsible  for  the 
FWM  properties  is  due  to  a  combination  of  the  individu¬ 
al  nonlinear  polarizabilities  of  each  of  the  Cr3*'  ions.  In 
addition,  strong  interactions  between  the  Cr'4  ions  and 
elect  roii-phonon  interactions  arc  present.  This  is 


demonstrated  by  the  strongly  nonexponential  lumines¬ 
cence  decay  curves.  The  dephasing  is  mainly  governed 
by  the  fastest  relaxation  mechanism,  even  if  this  involves 
only  a  small  part  of  the  total  Cr34  ions. 

The  results  listed  in  Table  I  indicate  that  the  FWM 
signal  arises  mainly  from  a  dispersion  grating.  At  low 
temperatures,  the  contribution  from  the  absorption  grat¬ 
ing  is  more  important.  The  values  of  A/i  and  A  a  listed 
in  Table  I  were  obtained  by  fitting  the  experimental  data 
of  the  relative  signal  intensity  versus  the  crossing  angle 
of  the  write  beams.  However,  the  value  obtained  this 
way  for  A n  is  consistent  with  that  calculated  from  the 
absolute  value  of  the  scattering  efficiency  at  room  tem¬ 
perature,  assuming  negligible  contribution  from  an  ab¬ 
sorption  grating. 

A  theoretical  expression  for  the  modulation  of  the  ab¬ 
sorption  part  of  the  refractive  index  can  be  deriveu  from 
the  rate  equations  describing  the  atomic  system.17  For 
the  simplest  case,  the  absorption  is  given  by 

at)  =  a  pV,  +cr  ,/V,  ,  <  5) 

where  and  ,V2  are  the  populations  of  the  ground  and 
excited  states,  respectively,  and  A2  =  A',  +/V,  represents 
the  total  number  of  Cr34  ions  per  unit  volume,  cr ,  and 
cr ,  are  the  absorption  cross  sections  in  the  ground  and 
excited  states,  respectively.  Under  cw  pumping,  the 
solutions  of  the  rate  equations  give 

( N2  —  jV,  )  =  /V  [(a  ,/  —hv/Tj)/{o  ,/  +  h  v/rr  )]  .  (61 

Tfie  intensity  of  the  laser  interference  pattern  inside  the 
sample  varies  sinusoidally  as  /  =/0[  I  +sin( k-r)].  The 
amplitude  of  (he  laser-induced  modulation  of  the  absorp¬ 
tion  coefficient  is1 ' 

Aa  =  ;V,/J(a2  — cr,  )/2  ,  (7) 

where  AUp  is  the  excited  slate  population  in  the  peak  re¬ 
gion  of  the  grating,  given  by 

:V2p  =2iV/0CT,/[2/()C7  ,  +/i  vtJ  1  ]  .  (81 

Using  the  same  model,  the  modulation  of  the  disper¬ 
sion  part  of  the  refractive  index  can  be  found  by  treating 
t he  atoms  as  damped  harmonic  oscillators.18  In  this  case 
the  dispersion  part  of  the  refractive  index  is  given  by 

n  3  —  1  =  ^  ['V,/,(W;  —  <o2 )  )/[(ra,2  —  nr  )2  +  (ray,  )2  j  ,  iff) 

t 

where  i  refers  to  all  different  possible  transitions  with  os- 


TAHLE  I.  Parameters  obtained  from  FWM  measurements. _ 

r=300  K  T=  DO  K 


Parameter 

P  =  6  4  v  It)2  Wcm'1 

P  =  3  8.<  10'  Wcm*2 

P  =  3.8:<  10’  Won- 

An  'em  1 ) 

0.24 

0  13 

0.97 

1.36  <  10 

5.33x10  ‘ 

1 .07  x  IQ" 5 

I\  (sec) 

5.34  ;<  tO-14 

3  79  y-  If)’  14 

1 .02  x  10"  14 

>;t  Arr  I 

1.17  x  10  4 

1  27  <  10* 1 

712 x  10’ 

rfl  An  1 

2.05  x  10*  2 

117 x  10  ’ 

1.98  X  10‘2 

f/the««r 

2.09  ,<  10“ 2 

1  m  v  to  1 

1.98  x  I0'2 

_ 

1  60  V  10  4 

2  50  -  10  1 

2  30  x  It)**2 
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cillator  strengths  /,  at  frequencies  a>,,  and  widths  yi§  If 
the  laser  frequency  is  near  resonance  with  only  one 
ground-state  and  one  excited-state  transition,  the  oilier 
terms  in  the  sum  can  be  neglected  and  combining  Eqs. 
(6),  (8),  and  (9)  gives  an  expression  for  the  modulation  of 
the  dispersion  part  of  the  refractive  index, 

An  =  ( iV 2p  /2np  ) 

X  1  j  i  ( to?  (0~ )[  i  (Oi  —*  (o~  )*  +  y  j 

-/l((a|-(a2)[((a;-w-’)2  +  ri(a2]“l|  ,  (10) 

where  nu  is  the  refractive  index  of  the  unperturbed  sam¬ 
ple. 

Equation  (1)  along  with  Eqs.  (5) — ( 1 0)  can  be  used  to 
interpret  the  observed  temperature  and  power  depen¬ 
dences  of  the  FWM  signal.  The  data  in  Fig.  3  indicate 
that  the  temperature  dependence  of  the  scattering 
efficiency  can  be  described  by 

i/(  D  =  i;(0)exp(  —  T /Tc )  ,  (11) 

where  7.  =  165.5  K.  For  th  ■  glass  ceramic  in  the  range 
of  temperatures  investigated  here,  the  absorption 
coefficient  (and  thus  the  ground-state  absorption  cross 
section)  and  the  fluorescence  decay  time  are  both  con¬ 
stant  with  temperature.  Thus  Eqs.  (7)— ( ID  imply  that 
the  observed  temperature  dependence  of  the  FWM  sig¬ 
nal  is  associated  with  the  spectroscopic  characteristics  of 
the  excited  stale.  The  increase  in  the  FWM  signal  inten¬ 
sity  as  temperature  is  lowered  would  be  consistent  with 
an  excited-state  absorption  transition  whose  width  de¬ 
creases  or  whose  oscillator  strength  increases  at  low  tem¬ 
peratures.  Although  these  are  normal  spectral  tempera- 
lure  dependences,  at  the  present  time,  no  specific  data 
are  available  on  the  excited-state  absorption  characteris¬ 
tics  of  this  sample. 

The  same  simple  two-level  system  model  predicts  that 
the  power  dependence  of  the  scattering  efficiency  is 
governed  by  the  excited-state  population  Nlp,  which  is 
proportional  to  the  incident  laser  intensity,  and  thus 

r,a:|/,|2.  (12) 

This  theoretical  prediction  is  consistent  with  the  data 
shown  in  Fig.  4(a)  for  514.5-nm  excitation  at  lower 
powers.  Above  about  4.0 X  I03  W  cm-2  a  deviation  from 
tile  quadratic  dependence  is  observed. 

Several  phenomena  can  contribute  to  the  deviation 
from  a  quadratic  power  dependence.  First,  saturation  of 
the  excited-state  population  can  occur.1'3, 20  The  “satura¬ 
tion  intensity”  of  a  two-level  atomic  system  is  given  by19 

/,  =  ( e0c  /2 )( fi1  /[it j  7\  )  ,  (13) 

where  ft  is  the  electric  dipole  moment,  fi1  =  2fin0e0/ 
Sk  T , .  The  calculated  value  for  the  laser  power  needed 
to  saturate  the  population  of  the  2E  level  in  this  sample 
is  9.0 x  10°  W  cm  2.  Tills  calculation  does  not  take  into 
account  the  effects  of  inhomogeneous  broadening. 
Second,  thermal  leasing  becomes  important  above 
3.8*  I01  W  cm  2.  Hus  can  contribute  to  the  destruc¬ 
tion  of  the  grating  through  thermal  e fleets  and,  in  addi¬ 
tion,  produce  a  self-focusing  ell'ect  that  increases  the 


power  density  of  the  write  beams  inside  the  sample.  The 
latter  effect  would  make  it  possible  to  reach  saturation  of 
the  2E  population  at  a  lower  laser  power  than  that  pre¬ 
dicted  theoretically. 

The  power  dependence  of  the  scattering  efficiency  for 
571. 5-nnt  excitation  can  be  described  by  a  fourth-power 
dependence  on  the  total  laser  intensity.  This  implies 
that  the  nonlinear  interaction  between  the  excitation 
beams  and  the  ions  occurs  through  the  lift h-orrler  sus¬ 
ceptibility,  V151.  The  most  important  contribution  to  l'15’ 
usually  arises  from  the  population  of  an  intermediate 
state.21,22  This  can  occur  through  either  two-photon  ab¬ 
sorption  or  excited-state  absorption  processes.  Excited- 
state  absorption  is  known  to  be  important  in  other  types 
of  CrJi-doped  samples.23,24  For  example,  an  excited- 
state  absorption  band  is  located  around  1 8  000  cm  1  :n 
ruby.24  The  strength  of  the  crystal  field  at  the  site  of  the 
Cr34  ions  in  our  sample  is  similar  to  that  of  ruby,  and 
thus  we  can  expect  a  similar  excited-stale  absorption 
band  to  be  present.  The  517.5-nm  (17  500-cm  ')  excita¬ 
tion  is  close  to  the  maximum  of  this  excited-stale  ab¬ 
sorption  transition,  whereas  the  514.5-nm  (19  440-em  ') 
excitation  is  on  the  edge  of  the  band.  This  could  explain 
the  observation  of  excited-state  absorption  effects  with 
the  former  excitation  wavelength  and  not  the  latter. 
However,  as  noted  above,  no  information  on  excited- 
state  absorption  is  currently  available  for  the  type  of 
sample  investigated  here. 

The  observed  power  dependence  suggests  that  high 
scattering  efficiency  can  be  achieved  with  571. 5-inn  exci¬ 
tation.  For  example,  considering  the  measured  value  of 
0.002  for  an  intensity  of  3.8  X  I03  W  cm  2,  extrapolation 
to  higher  power  densities  of  the  order  of  I.OxlO4 
\Vcm~2  should  produce  a  scattering  efficiency  of  ap¬ 
proximately  0.094.  Such  high  scattering  efficiencies  aie 
associated  with  the  contribution  from  l'15',  which  may  be 
related  to  the  high  Cr3l_  concentration  and  the  long 
excited-state  lifetime  of  about  6  ms. 

V.  CONCI.USIONS 

This  work  represents  the  first  investigation  of  four- 
wave  mixing  pioperties  of  a  transparent  glass  ceramic 
material.  Since  no  FWM  signal  can  be  observed  in  the 
normal  glass  whereas  a  strong  signal  was  observed  in  the 
ceramic  sample,  these  results  demonstrate  that 
devitrification  drastically  enhances  the  strength  of 
FWM.  The  observed  characteristics  of  the  FWM  signal 
provide  information  about  the  spectral  dynamics  of  Cr3< 
ions  in  this  type  of  material.  The  properties  of  the 
FWM  signal  are  consistent  with  scattering  from  a  laser- 
induced  population  grating  of  Cr3  f  ions  in  the  lE  level. 
The  variation  of  the  signal  with  temperature  and  laser 
power  indicate  that  the  properties  of  the  FWM  signal 
are  governed  by  the  spectroscopic  characteristics  of  the 
excited  state.  No  long-range  energy  migration  takes 
place  m  this  sample,  probably  due  to  the  separation  of 
the  microcrystals.  The  inhomogeneous  broadening  due 
to  random  disorder  in  the  crystal  field  sites  along  with 
ion-ion  interaction  leads  to  a  fast  dephasing  time  of  the 
atomic  system.  T  he  maximum  signal  strength  is  limited 
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by  thermal  tensing  anil  saturation  effects.  However, 
scattering  efficiencies  as  high  as  a  few  percent  were  ob¬ 
served,  indicating  that  this  type  of  transparent  glass 
ceramic  may  be  an  attractive  new  material  for  FWM  ap¬ 
plications  such  as  optical  switching  and  phase  conjuga¬ 
tion.  A  final  important  aspect  of  this  work  is  showing 
the  usefulness  of  FWM  techniques  in  studying  the  opti¬ 
cal  properties  of  ions  in  crystals.  Somewhat  different  ap¬ 
plications  of  this  technique  used  on  other  types  of  ma¬ 


terials  have  been  published  since  this  manuscript  was 
originally  prepared.2' 
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The  absorption  and  fluorescence  spectra  and  fluorescence  lifetimes  of  Cr1*  ions  in  two  garnet  hosts,  (id,Cia,Oi:  and 
GdiSc.GaiO,;.  were  measured  as  a  function  of  temperature.  In  addition,  laser-induced  grating  measurements  were  made  as  a 
function  of  laser  power  and  write  beam  crossing  angle  for  various  temperatures  between  1 1)  and  300  K.  For  short  w  riting  times. 
Cr'*  population  gratings  are  produced  and  the  observed  signal  dynamics  were  used  to  determine  the  properties  of  exciton  migra¬ 
tion  in  these  materials.  The  exciton  diffusion  coefficient  for  Gd,GajO,2:Cr'*  was  found  to  decrease  as  temperalute  is  raised 
while  in  Gd^c.GaiO.jiCr1*  the  diffusion  coefficient  increases.  Contributions  to  the  laser-induced  gratings  from  absorption  and 
dispersion  changes  were  determined  and  this  was  used  to  provide  information  on  radiationless  decay  and  excited  stale  absorption 
pioccsscs.  The  differences  in  the  results  obtained  on  these  two  materials  arc  attributed  to  the  spectral  effects  produced  by  the 
dilfc.ent  crystal  field  splittings  of  the  Cr1*  energy  levels.  For  long  writing  limes,  long-lived  changes  in  the  tefractive  index  were 
also  observed  and  attributed  to  optically  induced  color  centers. 


I.  Introduction 

Gurnet  crystals  such  as  GdiGn50,>  (GGG)  and 
GdiSc.Ga iO, ■  (GSGG )  have  been  used  as  host  ma¬ 
terials  for  lasers  with  Cr3*  and  Nd3*  as  the  active 
ions.  The  fundamental  optical  spectroscopic  proper¬ 
ties  of  these  materials  have  been  measured  [1-14] 
but  many  of  the  details  of  the  optical  properties  have 
not  yet  been  studied.  It  is  especially  important  to  un¬ 
derstand  the  process  of  energy  transfer  among  the 
chromium  ions  since  this  can  effect  the  lasing  char¬ 
acteristics  of  Cr3*  lasers  and  the  efficiency  of  sensi¬ 
tizing  Nd3*  tons  in  double-doped  laser  crystals.  We 
report  here  the  results  of  a  study  of  Cr3  + -doped  GGG 
and  GSGG  crystals  using  both  standard  spectroscopy 
techniques  and  the  technique  of  four-wave  mixing 
(FWM)  to  produce  laser-induced  gratings  (LIGs). 
The  results  obtained  on  energy  migration  among  the 
Cr3  *  tons  are  significantly  different  for  the  two  gar¬ 
net  hosts.  This  is  attributed  to  the  different  magni¬ 
tudes  of  the  crystal  field  splitting  of  the  Cr3*  energy 
levels  The  effects  of  optically  induced  color  centers 

1  Permancm  address:  Jnsiiime  of  Physics,  Polish  Academy  of 

Sciences,  Al.  Loinikow  32/46,  02-668  Warsaw,  Poland. 


arc  also  observed  with  LICi  spectroscopy. 

The  GGG'.Cr”  sample  used  for  these  experi¬ 
ments  was  1.5  mm  thick.  The  average  concentration 
of  Cr1*  ions  was  0.5  at%,  but  color  gradients  in  the 
crystal  indicate  a  nonunilorm  distribution  of  chro¬ 
mium.  The  majority  of  the  measurements  repot  led 
here  were  performed  on  the  dark  green  part  of  the 
crystal,  where  the  Cr3*  concentration  was  highest. 
The  GSGG:Cr3*  was  0.55  cm  thick  with  0.5  at% 
Cr3*  and  no  obvious  color  gradients.  The  C'r’ 1  ions 
substitute  for  the  Ga3  *  ions  in  GGG  and  for  the  Sc3 ' 
ions  in  GSGG.  This  results  in  a  local  crystal  field  site 
with  an  octahedral  coordination  of  oxygen  ions  in  die 
garnet  lattice  [7,15].  The  presence  of  different  types 
of  crystal  Held  sites  for  Cr3  *  in  GGG  has  been  rec¬ 
ognized  previously  [7]  and  attributed  to  die  statisti¬ 
cal  occupancy  of  the  next  nearest  neighbor  sites  with 
Gd3*  instead  of  Ga3*. 

The  sample  was  mounted  on  the  cold  finger  of  a 
cryogenic  refrigerator  with  a  temperature  controller 
which  allowed  the  sample  temperature  to  be  main¬ 
tained  to  about  ±0.5  K.  between  10  and  300  K.  The 
absorption  spectra  were  taken  on  an  HIM  9430  IJV- 
visible  spectrophotometer.  The  fluorescence  spectra 
were  recorded  with  die  use  of  a  I  m  Spcx  mono- 


0301-0104/88/$  03.50  <©  Elsevier  Science  Publishers  13. V. 
(  North-Holland  Physics  Publishing  Division  ) 


Ml 


.1  Xtulincki.  R.C.  I'ohvII  /  I'tiion’scciicc  smt'lw  tttui  lilctirtH's  <t!  t  V'*  in  hast  crystals 


chmmaior  and  an  RCA  C3 1034  photomulliplicr  tube. 
Excitation  was  provided  by  either  a  Spectra  Physics 
ov  argon  ion  laser  or  by  a  pulsed  Molcctron  nitrogen 
laser-pumped  dye  laser  using  a  solution  of  oxazine 
721)  and  rhodaminc  B  in  ethanol  and  DMSO  (16]. 
I'm  chopped  cw  excitation  an  EG&G/PAR  model 
1 28  lock-in  ainplififcr  was  used  to  enhance  the  sig- 
nal-to-nmsc  ratio,  while  for  pulsed  excitation  an 
EG&G/I’AR  model  165  boxcar  averager  was  used. 

lrour-wnvc  mixing  was  used  to  establish  and  probe 
laser-induced  gratings.  The  LIG  measurements  were 
performed  using  cither  the  488.0  or  5  14.5  nm  line  of 
the  argon  laser  for  the  “write  beams"  and  a  helium- 
neon  laser  for  the  "read  beam".  The  write  beams  were 
chopped  to  measure  the  transient  behavior  of  the  LIG 
signal  beam.  The  signal  was  recorded  by  an  EG&G 
42(12  signal  averager  and  processed  by  an  IBM  XT 
computer.  The  LIG  scattering  efficiency  was  mea¬ 
sured  with  the  use  of  a  lock-in  amplifier.  More  com¬ 
plete  details  oT the  LIG  experimental  setup  have  been 
published  previously  [17]. 

2.  Spectroscopic  properties  of  Cr’*  ions  in  GGG  and 
GSGG 

I  he  absorption  street  ra  of  Cr'  *  in  GGG  and  GSGG 
t»i  i  2  K  iii e  .dio wii  tu  i «g.  1 .  The  two  hi  oud  bands  ate 
characteristic  of  the  transitions  from  the  JA,  ground 
slate  of  the  3d’  electron  configuration  ofCr)+  ions  in 
an  octahedral  environment  to  the  JT ,  and  4T,  levels, 
respectively.  The  third  band  in  the  GGG  crystal 
peaked  near  350  nm  is  attributed  to  transitions  ter¬ 
minating  on  the  'Ti(b)  level.  Sharp  lines  appear  in 
thice  regions  of  the  spectra.  The  two  lines  near  695 
nm  arc  the  R  lines  due  to  transition  terminating  on 
i  he  components  of  the  -’E  level  split  by  spin-orbit  in¬ 
teraction  and  lower-order  crystal  field  perturbations. 

I  he  nearby  lines  at  higher  energy  are  a  mixture  of 
vihionic  transitions  and  zero-phonon  lines  associ¬ 
ated  with  transilions'terminating  on  the  JT,  and  4T , 
levels.  The  structure  on  the  low-energy  side  of  the  4T , 
band  may  be  due  to  vibronic  transitions  or  zero- 
phonon  lines  associated  with  transitions  terminating 
on  the  T.  or  4  f,  levels  The  sharp  lines  around  310 
nm  are  due  to  transitions  of  the  Gd ’ +  ions  which  are 
split  into  several  Stark  components  as  shown  in  the 
insert. 


Pig.  I.  Absorption  spectra  of  GSGG 'Cr1*  (A)  amt  GOO  Cr'* 
( I) )  nl  I  2  K.  The  inserts  slimv  expanded  views  of  the  gadolinium 
nansitions.  (Sec  lext  for  sample  ihickncsscs  and  Cr'* 
concentrations. ) 

The  portions  of  the  fluorescence  spectra  associated 
with  the  vibronic  transitions  from  the  *’E  level  at  12 
K.  arc  shown  in  fig.  2.  The  vibronic  peaks  extend  to 
lower  energy  from  the  R  lines  with  some  specific 
phonon  peaks  identifiable.  However,  it  is  difficult  to 
identify  manv  phonon  progressions  in  the  complex 
structure  due  to  the  overlapping  of  the  different  vi¬ 
bronic  transitions  associated  with  the  large  number 
of  phonon  modes  in  the  garnet  crystal  structure. 

The  absorption  and  fluorescence  spectra  at  low 
temperature  in  the  region  of  the  R  lines  are  shown  in 
fig.  3.  For  GGG:CrJ+  (he  R  lines  exhibit  a  signifi¬ 
cant  amount  of  structure  and  there  is  a  prominent 
secondary  peak  on  the  low-energy  side  of  the  R,  line 
near  694.5  nm.  It  is  not  possible  to  resolve  any  simi¬ 
lar  structure  in  the  spectra  of  GSGG  :Cr3*  due  to  the 
greater  overlap  with  the  4T ;  emission  band.  The  spec¬ 
tral  positions  of  the  zero-phonon  lines  and  the  split¬ 
tings  of  the  energy  levels  arc  listed  in  table  1 . 

The  structure  observed  in  the  R  lines  in  GGG  Cr" 
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I  ig.  2  Fluorescence  spectra  at  I  2  K  tor  (A)  GSGG  CrJ*  anti 
(Ml  GGG  Crw 

was  investigated  in  greater  detail  using  site-selection 
spectroscopy  techniques.  Fig.  4  shows  higher-resolu¬ 
tion  spectra  of  the  R,  and  R;  lines  at  20  K.  for  this 
sample.  The  R;  spectrum  was  again  recorded  after 
broadband  excitation.  The  upper  and  lower  traces  of 
the  R,  spectrum  were  obtained  using  narrow  line  ex¬ 
citation  from  the  nitrogen  laser-pumped  dye  laser  set 
mi  wavelengths  of  691.53  and  692.25  nm,  respec¬ 
tively,  while  the  middle  trace  was  taken  after  excita¬ 
tion  with  the  488.0  nm  argon  ion  laser  line  which  is 
equivalent  to  broadband  excitation.  In  the  latter  case, 
the  cw  laser  excitation  was  chopped  at  a  frequency  of 
500  Hz  which  tends  to  suppress  the  stronger  but 
slower  component  of  the  R,  line.  The  two  wave¬ 
lengths  of  the  dye  laser  excitation  are  absorbed  at  dif¬ 
ferent  positions  in  tl\e  R,  line  and  the  spectra  were 
recorded  at  200  ps  after  the  excitation  pulse.  The 
general  shape  of  the  spectral  peak  near  694,5  nm  does 
not  vary  with  time  after  the  excitation  pulse  but  peak 
position  of  the  stronger  component  of  the  R,  line 
moves  to  longer  wavelengths  as  time  increases.  The 
exact  shapes  of  the  R  lines  at  very  short  times  after 
the  excitation  pulse  were  impossible  to  determine  due 


Fig.  3.  Absorption  anil  lluorcscence  spectra  in  the  region  of  the 
R  lines  for  (  A )  GSGG : Cr1  *  at  1 2  K  ami  ( B )  CiGG.Cr1 '  at  30 
K. 

to  strong,  broadband  super  fluorescence  from  the  dye 
laser. 

The  data  described  above  are  consistent  with  hav¬ 
ing  at  least  four  nonequivalent  crystal  Held  sites  for 
the  Cr,+  ions  in  GGG  crystals.  The  positions  of  the 
R:  lines  for  ions  in  each  type  of  venter  can  be  deter¬ 
mined  from  the  site-selection  measurements  and  arc 
listed  in  table  1.  The  emission  transitions  associated 
with  tons  in  the  a  and  b  sites  are  strongly  overlapped 
and  those  associated  with  the  c  and  d  sites  are  strongly 
overlapped.  For  the  R2  lines,  all  four  of  the  transi¬ 
tions  arc  overlapped  to  the  extent  that  it  is  impossi¬ 
ble  to  accurately  determine  their  exact  peak  positions. 
The  strong  overlap  only  allows  for  measurement  of 
the  fluorescence  lifetimes  of  the  ;E  levels  for  ions  in 
the  two  sets  of  sites  with  strongly  overlapped  transi¬ 
tions,  and  their  values  at  1 2  K.  are  also  listed  in  table 
I .  The  time-resolved  spectroscopy  results  indicate  that 
the  only  type  of  spectral  energy  transfer  taking  place 
at  low  temperatures  is  between  ions  in  the  sites  la¬ 
beled  a  and  those  in  the  sites  labeled  b  However,  the 
strong  overlap  of  the  transitions  of  ions  in  these  two 
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tv  pes  of  sues  makes  it  difficult  to  obiam  an  accurate 
quantitative  measurement  of  the  transfer  properties. 

The  fluorescence  decay  kinetics  of  the  two  ma'jr 
R,  lines  of  GGG . Cr  *  at  12  K  are  both  single  expo¬ 
nential  with  a  decay  time  of  1.5  ms.  The  secondary 
peak  has  a  single-exponential  decay  with  a  fluores¬ 
cence  lifetime  of  l  .0  ms  at  the  same  temperature.  The 
llumcsccncc  of  Cr'  *  in  GSGG  at  low  temperature  is 
also  single  exponential  with  a  decay  time  of  232  ps  at 
all  emission  wavelengths.  The  variation  of  the  fluo¬ 
rescence  lifetimes  with  temperature  are  shown  in  fig. 
5.  Die  data  were  obtained  after  pulsed  dvc  laser  ex¬ 
citation  into  the  ‘T;  absorption  band  and  the  fluores¬ 
cence  was  monitored  in  the  vibronic  emission  band. 
I  lie  emission  from  GSGG  Cr1  *  was  found  to  be  sin¬ 
gle  exponential  at  all  temperatures,  whereas  the  ob¬ 
served  decay  kinetics  for  GGG:Cr3*  were 
nonexponcntial  between  I  2  and  200  K  and  were  sin¬ 
gle  exponential  at  higher  temperatures.  At  low  icm- 
peratures  die  decay  curves  for  GGG  Cr3*  can  be 
approximated  as  the  sum  of  two  exponentials,  and 
the  open  and  filled  circles  in  the  figure  represent  the 
1  c  decay  times  of  the  long  and  short  components  of 
the  double-exponential  curves.  The  stronger  compo¬ 


Fig  4  Fluorescence  spcclra  ol  lhc  R  lines  of  GGG  Cr1*  al  3<1  K. 
1  A  )  R,  cjcilcd  Ivy  488  0  mu  liglil  chopped  at  5UU  1 1 4.  (  13  )  Top 
curve  R,  excoed  by  a  10  ns  pulse  al  691  53  nm  Middle  curve 
It,  e -.ci led  by  488  0  nm  liglil  chopped  al  500  II?.  Bollom  curve 
K  i  evened  by  a  10  ns  pulse  al  692,25  nm 

nent  with  the  longer  decay  time  is  associated  with 
emission  from  ions  in  the  a  and  b  sites  xvhile  the  shoi  t 
component  is  associated  with  emission  from  ions  in 
the  c  and  d  sites,  for  both  samples,  the  lilelimes  de¬ 
crease  as  temperature  is  raised  with  the  magnitude  of 
decrease  being  significantly  grealer  for  GGG  : Cr1  * 
than  for  GSGG  Cr3*. 

The  fluorescence  emission  occurs  from  both  the  :E 
and  JT;  levels  which  are  in  thermal  equilibrium  and 
have  a  tolal  quantum  efficiency  close  to  unity  at  room 
temperature  and  below.  This  results  in  a  single  life¬ 
time  which  is  a  weighted  combination  of  the  intrinsic 
lifetimes  of  the  two  levels,  flic  temperature  depen¬ 
dence  of  the  fluorescence  lifetime  can  be  associated 
with  two  possible  physical  pioccsscs,  a  change  in  the 
relative  population  of  the  two  levels,  or  a  change  in 
the  intrinsic  lifetime  of  one  of  the  two  levels  for  the 
frsi  type  of  process,  assuming  a  Dollrmann  popula- 
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I  it  S  Temperature  dependence  of  t he  fluorescence  decay  limes 
ol  i  \  i  ( iS(  i(  I  t.'r 1  *  and  I  li )  GGG .  Cr*  *  where  ihe  open  and 
lull  circles  represent  Ihe  long  and  short  components  of  the  dou¬ 
ble  exponential  decays,  respectively.  I  See  text  for  explanation  of 
rhe  theoretical  lines. ) 


This  was  obtained  with  q  =  1.6  ms,  rt  =40  ps,  and 
A£=  298  cm  * '.  These  are  listed  in  table  I .  The  value 
obtained  for  A£  is  very  close  to  the  splitting  between 
the  R,  line  and  the  sharp  line  in  the  absorption  spec¬ 
trum  at  697  nm.  This  is  consistent  with  assigning  the 
line  at  697  nm  to  the  zero-phonon  transition  to  the 
lowest  component  of  the  'T:  level  and  with  having 
the  crossing  point  of  the  ;E  and  JT;  potential  coordi¬ 
nates  occur  at  the  bottom  of  the  JT;  potential  well 

No  attempt  was  made  to  obtain  a  similar  theorcn- 
ca!  fit  to  the  temperature  dependence  of  the  short  - 
lifetime  component  of  GGGCr3  +  since  the  accu¬ 
racy  of  these  data  was  much  poorer.  This  is  because 
the  magnitudes  of  the  short  lifetimes  were  deter¬ 
mined  after  subtracting  the  extrapolated  curve  asso¬ 
ciated  with  the  long-lifetime  component.  This 
procedure  provides  a  rough  estimate  of  the  short-life- 
time  values  but  cannot  be  considered  to  be  extremely 
accurate. 

It  was  not  possible  to  obtain  a  good  fit  to  the 
GSGG  :  Cr'  *  data  using  eq.  (1  ).  In  this  case  t he  ori¬ 
gin  of  the  temperature  dependence  of  the  fluores¬ 
cence  lifetime  appears  to  be  associated  wuh  the 
increase  in  vibronic  emission  probability.  For  low- 
energy  vibronic  emission  involving  effective  pho¬ 
nons  with  energy  fno,  this  can  be  expressed  as 

x~  1  =  r~  1  (0)  e\p(kT/fid))  ,  (2) 

where  t ( 0 )  is  the  lifetime  of  the  purely  electronic 
transition.  The  solid  line  in  fig.  5  shows  the  best  fit  of 
eq.  ( 2 )  to  the  GSGG :  Cr3+  data  obtained  by  treating 
r ( 0 )  and  fiu>  as  adjustable  parameters.  The  good  fit 
was  obtained  with  t(0 )  =  242  ps  and  fiai=  253  cm  '. 


lion  distribution,  the  measured  fluorescence  lifetime 
is  given  by  [6  ] 

,  _  G:  '  +  rf '  exp(  -  A E/kT) 
r  ~  \+exp(-AE/kT) 

Here  the  intrinsic  lifetimes  of  the  ’E  and  JT;  levels 
are  q  and  r,.  respectively,  k  is  the  Boltzmann  con¬ 
stant  and  A£  is  the  energy  separation  of  the  two  lev¬ 
els  This  process  provides  a  good  explanation  for  the 
temperature  variation  of  the  longer  component  of  the 
fluorescence  lifetime  of  GGG:Cr3  +  .  The  best  fit  of 
eq  M  )  to  ihe  data  is  shown  as  a  solid  line  in  fig.  5. 


3.  Results  of  laser-induced  grating  measurements 

Four-wave  mixing  is  an  important  technique  for 
establishing  and  probing  laser-induced  gratings  in 
solids.  These  LIGs  are  useful  in  studying  the  dynam¬ 
ics  of  cxciton  migration  in  doped  crystals  [  1 7-2 1  ]  as 
well  as  providing  information  on  thermal,  nonlinear 
optical,  radiationless  relaxation,  and  excited  state  ab¬ 
sorption  properties.  In  spectroscopic  application  of 
FWM,  the  crossed  write  beams  are  used  to  create  a 
refractive  index  grating  and  the  probe  beam  scatters 
off  this  grating.  The  scattered  signal  beam  carries  in¬ 
formation  about  the  physical  properties  of  the  mate- 
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ri;il  associated  with  the  laser-induced  grating.  For 
characterizing  the  properties  of  ions  in  solids,  FWM 
is  used  to  form  population  gratings.  In  this  case  the 
write  beams  are  tuned  to  resonance  with  an  absorp¬ 
tion  transition  of  (he  dopant  ions  thus  creating  a  sine 
wave  spatial  distribution  of  ions  in  the  excited  state. 
If  the  ions  have  a  different  polarizability  in  the  ex- 
cued  state  than  in  tne  ground  state,  this  excited  state 
population  distribution  acts  as  a  refractive  index 
grating.  The  dynamics  of  the  transient  signal  decay 
are  especially  helpful  in  understanding  the  properties 
of  energy  migration  processes  which  contribute  to  the 
destruction  of  the  grating.  The  variation  in  the  LIG 
signal  magnitude  with  write  beam  crossing  angle  is 
useful  in  determining  the  induced  changes  in  the 
complex  refractive  index,  and  from  this  information 
the  dephasing  lime  and  excited  state  absorption  cross 
section  can  be  obtained.  Laser-induced  grating  mea¬ 
surements  were  performed  on  Cr3  +  ions  in  GGG  and 
GSGG  crystals  at  temperatures  ranging  from  about 
I  5  to  30<)  K  and  the  results  arc  described  below. 

.1  /  /  nmsicni  t.Ki  decay  dynamics 


Transient  population  gratings  were  established  and 
probed  for  Cr' v  ions  in  GGG  and  GSGG  using  short 
enough  writing  times  to  prevent  optical  damage  to 
the  materials.  The  488.0  nm  line  of  the  argon  laser 
beam  was  for  the  write  beams  to  excite  the  JT|  ab¬ 
sorption  band,  the  excited  state  population  was  built 
up  in  the  4T:  and  :E  levels  after  radiationless  relaxa¬ 
tion.  The  decay  dynamics  of  the  scattered  probe  beam 
were  monitored  as  a  function  of  crossing  angle  of  the 
write  beams  and  temperature. 

For  the  GGG :  Cr’  *  sample,  the  decay  curves  of  the 
LIG  signal  were  found  to  be  double  exponentials  for 
temperatures  less  than  200  K,  in  agreement  with  the 
double-exponential  behavior  of  the  fluorescence  de¬ 
cay  kinetics  in  this  temperature  range.  The  long  com¬ 
ponents  of  the  decay  curves  are  dependent  on  the 
crossing  angle  of  the  sprite  beams  d  and  on  tempera¬ 
ture.  Examples  of  the  results  are  shown  in  fig.  6.  The 
insert  shows  the  double-exponential  curve  at  1 8  K.  for 
0=  7.06’  and  the  decay  rate  of  the  longer  component 
of  the  signal  K  is  plotted  as  a  function  of  the  crossing 
in  the  major  part  of  the  figure.  At  small  values  of  0 
the  signal  decay  rate  tends  toward  a  value  close  to 
twice  the  measured  value  of  the  fluorescence  decay 


Fig.  6.  Examples  of  the  dependence  of  Ihe  lransicnl  LIG  signal 
decay  rates  on  Ihe  crossing  angle  of  ihe  write  beams.  (A)  Short 
component  of  ihe  signal  obtained  on  GSGG  Cr1  *  at  250  K.  The 
insert  shows  the  time  evolution  of  the  LIG  signal  at  this  temper¬ 
ature  for  0=  3.5 1  The  full  points  are  ihe  result  of  subtraction  of 
the  long-decay  component  extrapolated  lo  short  limes.  ( B )  Long 
component  ol  ihe  signal  obtained  on  GGG  Cr1*  at  IS  K.  The 
insert  shows  the  time  evolution  of  the  LIG  signal  at  this  temper¬ 
ature  for  0=7.06°.  The  open  points  are  Ihe  results  ofsublraclion 
of  the  long-decay  component  from  the  total  signal. 

rale  of  the  Cr3  +  ions  in  type  a  and  b  sites  as  indicated 
by  the  filled  circle  in  the  figure.  This  is  consistent  with 
creating  a  populating  grating  of  Cr3*  ions,  mainly  in 
type  a  and  b  sites.  This  component  accounts  for  more 
than  80%  of  the  LIG  signal  at  all  temperatures,  which 
is  consistent  with  the  fluorescence  data. 
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The  second  conlnbulion  lo  the  transient  L!G  sig¬ 
nal  in  (IGG  Cr"  was  found  to  be  independent  of 
the  first  one  and  is  attributed  to  a  population  grating 
of  Cr '  ‘  ions  in  the  c  and  d  types  of  sites.  This  grating 
is  responsible  for  the  short  component  of  the  LIG  sig¬ 
nal  decay  and  the  decay  rate  is  approximately  equal 
to  twice  the  short  component  of  the  fluorescence  de¬ 
cay  rate.  This  component  of  the  LIG  decay  rate  is  in¬ 
dependent  of  the  crossing  angle  9. 

Hie  decay  kinetics  of  the  LIG  signals  for 
GSGG:Crw  were  found  to  be  single  exponential  at 
temperatures  less  than  200  K.  The  decay  rates  were 
independent  of  the  crossing  angle  of  the  write  beams 
and  equal  to  twice  the  measured  decay  rate  of  the  flu¬ 
orescence  in  this  temperature  range.  Above  200  K.  the 
decay  kinetics  became  dependent  on  the  write  beam 
crossing  angle  0  and  above  240  K  the  signal  decays 
became  double  exponentials.  The  longer-decay  com¬ 
ponents  were  still  found  to  be  independent  of  0  but 
their  decay  rates  were  the  same  as  those  of  the  fluo¬ 
rescence  emission.  The  long-time  part  of  the  decay 
kinetics  was  extrapolated  to  short  times  and  sub¬ 
tracted  from  the  total  signal  to  determine  the  decay 
rate  of  the  short-time  part  of  the  decay  kinetics.  An 
example  of  this  procedure  is  shown  in  the  insert  in 
fig  6.  Although  this  introduces  some  degree  of  uncer¬ 
tainty  in  the  exact  values  determined  for  the  decay 
rate  of  the  short  component  of  the  signal  decay,  it  is 
clear  from  the  example  results  shown  in  fig.  6  that 
there  is  a  distinct  dependence  of  this  decay  rale  on 
the  write  beam  crossing  angle.  The  circle  at  0=0° 
represents  twice  the  florescence  decay  rate  mea¬ 
sured  under  the  same  experimental  conditions. 

The  decay  rate  of  a  laser-induced  grating  in  the 
presence  of  cxciton  migration  by  an  incoherent  hop¬ 
ping  motion  can  be  expressed  as  [21 ) 

A  =  2/r  +  32(it/2)2  sm2(0/2)  D  ,  (3) 

where  the  first  term  described  the  destruction  of  the 
grating  due  to  the  fluorescence  decay  of  the  ions  in 
the  excited  state  with  a  decay  time  r  and  the  second 
lerm  describes  the  destruction  of  the  grating  due  to 
the  migration  of  the  excitation  energy  from  the  ions 
in  the  peak  to  ions  in  the  valley  region  of  the  grating. 
The  latter  term  depends  on  the  diffusion  coefficient 
of  the  energy  migration  D,  and  the  grating  spacing 
.1  =  2/2  sm(d/2 ),  where  2  and  0  are  the  wavelength 
and  crossing  angle  of  the  write  beams  in  the  crystal. 


Applying  this  theory  to  the  experimental  results 
described  above  for  GGG  Cr’4  indicates  that  long- 
range  energy  migration  occurs  among  ions  in  the  type 
a  and  b  sites  but  not  among  ions  in  the  type  c  and  d 
sites.  The  solid  line  in  fig.  6  represents  the  best  fit  to 
the  experimental  data  using  eq.  (3 ).  The  theory  pre¬ 
dicts  a  linear  dependence  of  K  on  sin2  ( (9/2 )  and,  at 
zero  crossing  angle,  a  value  of  2/t  which  is  in  agree¬ 
ment  with  the  experimental  data.  The  values  of  the 
diffusion  coefficient  obtained  from  this  type  of  anal¬ 
ysis  of  the  data  are  plotted  versus  temperature  in  fig. 
7.  The  small  values  of  D  result  in  large  error  bars  in 
the  results,  but  it  is  obvious  that  the  energy  migration 
decreases  with  increasing  temperature  and  is  negligi¬ 
ble  above  1 50  K.. 

Between  200  K  and  room  temperature,  the  LIG 
signal  decay  for  GGG:Cr2  +  is  a  single  exponential 
and  independent  of  0.  The  decay  times  are  measured 
to  be  approximately  half  those  of  the  fluorescence  de- 


Fig.  7.  Temperature  dependence  of  the  exciton  diffusion  coeffi¬ 
cient  for  (A)  GSGGCr"  and  (B)  GGG:CrJ<.  In  (B).  D  is 
represented  by  full  circles  and  the  reciprocal  of  the  full  width  at 
half  maximum  of  the  Ft;  +  R?  lines  is  represented  by  open  circles. 
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cay.  Thermal  broadening  of  ihe  spectral  transitions 
makes  it  impossible  to  distinguish  between  transi¬ 
tions  associated  with  ions  in  different  types  of  site. 
These  results  show  that  no  long-range  spatial  migra¬ 
tion  of  energy  is  taking  place  in  this  temperature 
range. 

For  GSGGCr'G  the  lack  of  dependence  of  the 
short-time  compenent  of  the  LIG  signal  decay  on  the 
write  beam  crossing  angle  below  200  K  indicates  a 
lack  oflong-range energy  migration  amongCrJ  +  ions 
at  low  temperatures.  Above  200  K.  energy  migration 
does  occur  and  estimates  for  the  diffusion  coefficient 
can  he  obtained  by  using  eq.  (3)  to  fit  the  data  ob¬ 
tained  on  the  dependence  of  K  on  0.  An  example  of 
this  is  shown  as  a  solid  line  in  fig.  6  and  the  results  of 
this  type  of  analysis  provides  information  on  the 
temperature  dependence  of  the  diffusion  coefficient 
as  shown  in  fig.  7.  The  weak  dependence  of  K  on  0 
results  in  large  error  bars  in  the  estimates  of  D.  How¬ 
ever,  there  is  a  definite  increase  in  D  between  200  K. 
and  room  temperature. 

J.  2.  Lit!  scattering  efficiency  characteristics 

The  depcncence  of  the  transient  LIG  signal  effi¬ 
ciencies  on  the  power  of  the  write  beams  for  488.0 
nm  excitation  are  shown  in  fig.  8  for  two  tempera¬ 
tures  for  both  samples.  The  observed  power  depen¬ 
dences  are  dilfcrcnl  at  low  and  high  temperatures  and 
neither  are  quadratic  as  expected  from  a  simple  two- 
level  model  for  the  atomic  system  [22,23].  This  in¬ 
dicates  the  importance  of  the  presence  of  multiple 
levels  and  transitions  but  is  difficult  to  interpret 
quantitatively  with  presently  available  data. 

The  variation  of  the  LIG  scattering  efficiency  with 
the  crossing  angle  of  the  write  beams  at  488.0  nm  is 
shown  m  fig.  9  for  both  samples.  The  solid  lines  rep¬ 
resent  the  best  fits  to  the  data  using  the  model  devel¬ 
oped  in  detail  in  ref.  [17].  In  this  model,  the 
equations  representing  |he  four  coupled  waves  in  the 
crystal  are  solved  numerically  on  the  computer  treat¬ 
ing  the  coupling  parameters  as  adjustable  parame¬ 
ters.  Using  a  two-level  system  model  to  describe  the 
interaction  of  the  laser  beams  with  the  crystal  shows 
the  complex  coupling  parameters  to  be  determined 
by  the  laser-induced  changes  in  the  absorption  and 
dispersion  parts  of  the  complex  refractive  index 
[22.23], 


Fig.  8  Variaiion  of  ihe  LIG  scattering  efficiency  with  the  power 
of  ihe  write  beams  at  two  temperatures  for  0=.V5”  for  (A) 
GSGG:CrJ*  and  (B)  GGGiCr’T 

Aa=  —  2D 2/ 0\  ,  H> 

An=(ac/ w)Dr2/ D\  .  (5) 

Here  the  real  and  imaginary  parts  of  theyth  coupling 
coefficient  are  represented  by  D)  and  D),  respec¬ 
tively,  and  w  is  the  frequency  of  the  write  beams.  The 
values  of  the  coupling  coeffients  found  from  fitting 
the  data  can  be  used  in  eqs.  (4)  and  ( 5 )  to  determine 
Act  and  An.  The  ratio  of  these  contributions  to  the 
laser-induced  grating  can  be  used  to  obtain  the  de¬ 
phasing  time  of  the  atomic  system, 

T2  =  {2ca/c)(An/Aa)/(ca-MU) ,  (6) 

where  ai2l  is  the  peak  frequency  of  the  atomic  tran- 
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Fig.  11  Variations  of  Ihe  LIG  scattering  efficiencies  with  the 
crossing  angle  of  ihe  write  beams  al  40  K  for  (A)  GSGG:Cr)  + 
ami  I II )  GGG  (  r'  *.  (Sec  text  for  explanation  of  Ihe  iheorctical 
lines  I 

sition.  The  dephasing  time  can  be  written  as 

/  :  1  =  2T 1  +  y ,  (7) 

where  y  is  the  pure  dephasing  rate  due  to  phonon 
scattering  processes  and  Tt  represents  lifetime  de¬ 
phasing  due  to  decay  processes.  The  values  of  An,  A  a, 
and  obtained  in  this  way  are  listed  in  table  1  along 
with  the  relevant  component  of  the  coupling 
coefficients. 

.1  .<  Long-lived  refractive  index  changes 

•\ftcr  long  writing  limes,  the  LIG  signal  decay  be¬ 
comes  a  double  exponential  at  all  temperatures  for 
bollt  samples.  Both  components  of  the  decay  rates 
under  this  condition  are  independent  of  0but  the  long 
component  has  a  decay  rate  approximately  equal  to 
the  fluorescence  decay  rate  while  the  short-compo¬ 
nent  decay  rate  is  approximately  twice  that  of  the  flu¬ 
orescence.  These  results  can  be  interpreted  in  terms 
of  ihe  presence  of  two  types  of  laser-induced  grating. 
The  first  is  tine  to  the  excited  state  population  ofCr3  + 


ions  and  gives  rise  to  the  shorter  signal  decay.  The 
second  is  associated  with  a  very  long-lived  laser-in¬ 
duced  refractive  index  grating.  Since  the  probe  beam 
simultaneously  interacts  with  both  types  of  grating, 
the  signal  decay  kinetics  is  described  by  the  square  of 
the  sunt  of  the  changes  in  the  refractive  index  asso¬ 
ciated  with  the  two  gratings, 

)/=  |  A  exp(  -t/x,  )  +  Bexp(  -l/r2)|2 

=A2  exp(  -2 f/r,  )  +  2,IBexp(  —  f/r,  —  // r2 ) 

+  B2  exp(  — 2//r,)  ,  (8) 

where  A  and  Bare  the  magnitudes  of  the  relative  con¬ 
tributions  due  to  the  transient  and  long-lived  grat¬ 
ings,  respectively,  and  r,/2  and  t2/2  are  their  decay 
limes.  The  ratio  B/A  is  very  small  for  this  sample  (a 
few  percent )  and  the  decay  time  of  the  transient  grat¬ 
ing  is  much  shorter  than  the  decay  time  of  the  long- 
lived  one.  Thus  eq.  ( 8 )  reduces  to  approximately 

i]—A2  exp(  —  2r/r, )  +  2AB  exp(  —  // t,  )  .  (9) 

Fig.  10  shows  typical  signal  decays  after  long  write 
times.  The  contribution  of  the  long-lived  grating  be¬ 
comes  greater  for  longer  writing  times  than  those  used 
to  characterize  the  properties  of  the  transient  grating. 
For  a  given  writing  time  and  laser  power,  the  signal 
associated  with  the  long-lived  grating  was  also  found 
to  increase  with  increasing  temperature  between  12 
and  300  K.  The  strength  of  the  long-lived  grating  is 
dependent  on  the  writing  time  in  a  complicated  man¬ 
ner.  There  is  a  critical  writing  lime,  of  the  order  of  a 
few  minutes,  when  the  LIG  signal  efficiency  from  the 
long-lived  grating  reaches  a  maximum  and  begins  to 
decrease.  For  the  results  shown  in  fig.  10,  both  write 
beams  were  turned  off  after  one  minute  causing  a 
rapid  decay  of  the  transient  grating  followed  by  a  slow, 
oscillatory  decay  associated  with  the  long-lived  grat¬ 
ing.  At  longer  times  one  of  the  write  beams  was  turned 
on  to  erase  the  remaining  long-lived  grating.  The  ki¬ 
netics  of  the  long-lived  grating  signal  are  essentially 
independent  of  the  crossing  angle  of  the  write  beams, 
but  the  oscillatory  decay  of  the  signal  does  not  permit 
an  accurate  estimate  of  the  decay  times. 

Exciting  with  the  514.5  nm  line  of  the  argon  ion 
laser  which  falls  between  the  ‘‘Tig  and  the  4TJg  ab¬ 
sorption  bands  enhances  the  relative  contribution  of 
the  long-lived  grating.  Fig.  1 1  shows  the  dependence 
of  both  components  of  the  LIG  signal  on  the  power 
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Fig.  1(1.  LKi  signal  decays  al  300  K  showing  ihe  decays  of  (he 
long-lived  coniribuitons  lo  (he  signals  and  ihe  effects  of  erasing 
In  a  single  laser  beam  for  I A )  OSGGiCre1"  and  (13)  GGG  :CrJ*. 

of  ihe  write  beams  after  writing  for  2  min  at  40  K  for 
GGG  Cr'  * .  The  scattering  efficiency  was  measured 
just  before  and  about  1 2  s  after  both  write  beams  were 
turned  off.  The  scattering  efficiency  of  the  transient 
grating  exhibits  a  linear  dependence  on  the  laser 
power  whereas  the  scattering  efficiency  associated 
with  the  long-lived  grating  has  a  much  weaker  power 
dependence  and  saturates  at  relatively  low  power  lev¬ 
els.  Similar  results  were  observed  for  GSGG  :Cr’  +  . 

4.  Discussion  and  conclusions 

Despite  the  similarity  of  the  two  garnet  host  crys¬ 
tals.  there  are  some  significant  differences  in  the  op- 


P(  10*  W/cm') 

Fig.  1 1.  Dependences  of  ihe  iransieni  and  long-lived  contribu- 
lions  lo  Ihe  LIG  scailering  efficiency  on  ihe  power  of  the  write 
beams  forGGG  Cr’'*  at  40  K  for  514.5  nm  excitation. 

tical  properties  of  Cr3  +  ions  in  GGG  and  GSGG.  One 
important  difference  between  these  two  materials  is 
the  magnitude  of  the  crystal  field  splitting  of  the  2E 
and  4T3  levels.  The  value  of  A£is  298  cm-1  for  GGG. 
For  GSGG  this  splitting  is  50±  5  cm' '  which  is  con¬ 
sistent  with  reported  values  that  range  from  close  to 
0  cm" 1  up  to  50  cm"1.  One  major  effect  this  has  is  to 
change  the  mechanism  causing  the  temperature  de¬ 
pendence  of  the  fluorescence  lifetime.  For  the  wide 
energy  gap  in  GGG:Cr3  +  ,  the  thermal  effects  on  the 
population  distribution  between  the  two  levels  dom¬ 
inate  the  temperature  dependence  of  r.  For  a  small 
energy  gap  material  such  as  GSGG:Cr3  +  these  pop¬ 
ulation  distributions  do  not  change  with  tempera¬ 
ture.  Instead  the  increase  in  the  vibronic  emission 
probability  with  increasing  temperature  dominates 
the  temperature  dependence  of  r. 

The  energy  migration  observed  in  these  samples  can 
be  described  as  a  random  walk  of  an  exciton  caused 
by  ion-ion  interaction  [24,25].  The  mechanism  of 
ion-ion  interaction  is  difficult  to  establish  because  of 
the  presence  of  concentration  gradients  of  the  Cr3  + 
ions  and  the  different  types  of  crystal  field  site.  By 
assuming  electric  dipole-dipole  interaction  among  a 
statistically  random  distribution  of  ions,  a  theoreti- 
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ml  estimate  lor  the  diffusion  coefficient  can  be  ob¬ 
tained  from  the  expression 

l)=-K,,^Jt  I  ,■  ;  exp(  — 4n;VV’/3 )  dr  .  (10) 

r>  r,  J 

where  rs  is  the  decay  time  of  the  sensitizer  fluores¬ 
cence  and  II, ,  is  the  critical  interaction  distance.  In 
the  Forster-Dexter  theory  [24,26]  the  critical  inter¬ 
action  distance  is  proportional  to  the  overlap  integral 
between  the  emission  spectrum  of  the  sensitizer  ions 
and  the  absorption  spectrum  of  the  activator  ions.  For 
energy  transfer  which  occurs  due  to  ions  in  the  2E  ex- 
ictcd  state  of  Cr'  +  ,  the  overlap  integral  is  approxi¬ 
mately  inversely  proportional  to  the  linewidth 
( fwhm )  of  the  R  lines. 

To  understand  the  observed  energy  transfer  in 
GGG:C'r",  the  average  value  of  the  concentration 
of  Cr'  *■  ions  ,V=  1 .4  x  10 20  cm-5  and  the  value  of  Rn 
estimated  by  using  the  width  of  the  R  lines  at  12  K  to 
determine  the  overlap  intergral,  29  A,  eq.  ( 10)  gives 
the  value  of  D=  2.3x  10'g  cm2/s.  This  value  is  about 
an  order  of  magnitude  smaller  than  the  experimen¬ 
tally  determined  value  of  the  diffusion  coefficient  at 
/  =  I  2  K.  This  estimate  gives  a  lower  limit  for  D.  A 
higher  value  can  be  obtained  for  regions  of  high  con¬ 
centration  due  to  a  n onumform  distribution  ofCr3* 
ions.  Also,  energy  transfer  may  take  place  through  ex¬ 
change  interaction  which  is  more  difficult  to  estimate 
theoretically  but  will  lead  to  a  larger  value  of  the  ion- 
ton  interaction  rate. 

flic  temperature  dependence  of  D  and  the  inverse 
ol  the  fwhm  of  R?  +  RV  forGGG:CrJ  f  are  compared 
in  fig.  7.  Doth  decrease  with  temperature  with  (he  dif¬ 
fusion  coefficient  decreasing  somewhat  faster  than  the 
inverse  of  the  linewidths.  This  gives  a  reasonable  ex¬ 
planation  for  the  observed  temperature  dependence 
of  the  excilon  diffusion  coefficient.  It  should  be  noted 
that  the  assumption  of  energy  migration  mostly  within 
the  :E  level  is  valid  only  for  a  wide  AE  material  such 
as  GGG:Cr’*.  It  was 'also  found  that  the  magnitude 
of  the  cxciton  diffusion  coefficient  forGGG.Cr'*  at 
18  K  decreased  to  6.9x  1 0 ~ v  cirr/s  when  the  light 
green  region  of  the  sample  was  excited.  This  indi¬ 
cates  a  concentration  dependence  associated  with  D 
as  expected.  The  exact  quantitative  dependence  re¬ 
quires  a  knowledge  of  the  microscopic  concentration 
gradient  of  the  Crw  ions. 


For  GSGG  :Cr3  +  the  small  value  of  AE  means  that 
energy  migrations  will  occur  in  both  the  2E  and  4T: 
levels.  Thus  the  spectral  overlap  integral  must  be  cal¬ 
culated  from  the  absorption  and  emission  spectra  in¬ 
stead  of  approximating  it  by  the  width  of  the  R  lines. 
This  was  calculated  to  be  about  9.3  A  at  low  temper¬ 
atures.  Using  this  in  eq.  ( 10)  again  predicts  a  value 
for  D  which  is  significantly  smaller  than  the  mea¬ 
sured  value.  As  with  GGG:Cr3  +  ,  this  is  probably  due 
to  a  nonuniform  distribution  of  Cr3  +  ions  or  stronger 
ion-ton  interaction  mechanisms  such  as  superex¬ 
change.  As  temperature  is  raised  the  increase  in  vi- 
bronic  emission  causes  an  increase  in  the  spectral 
overlap  which  results  in  an  increase  in  D  with  tem¬ 
perature.  This  is  qualitatively  consistent  with  results 
for  GSGG  :Cr3+  shown  in  fig.  7.  Thus  the  difference 
in  AE  is  responsible  for  the  significant  difference  in 
energy  migration  properties  in  GSGG;Cr3+  and 
GGG:Cr3  +  . 

The  values  of  the  dephasing  time  T2  found  from 
the  LIG  scattering  efficiency  results  are  significantly 
faster  than  those  reported  for  other  Cr3  +  -doped  crys¬ 
tals  [17].  However,  previous  measurements  were 
made  by  pumping  into  the  4T-  band  instead  of  the 
4T,  band  as  was  done  in  this  work.  If  the  dephasing 
is  dominated  by  radiationless  relaxation  processes, 
these  results  indicate  the  presence  of  faster  decay 
processes  in  the  higher  level.  To  develop  a  complete 
understanding  of  dephasing  processes  requires  com¬ 
paring  results  obtained  by  pumping  different  transi¬ 
tions  in  a  series  of  samples  of  different  Cr3  + -doped 
crystals  with  different  crystal  field  splittings.  This 
systematic  study  is  currently  in  progress. 

The  value  of  for  GSGG:Cr3+  determined  from 
LIG  measurements  can  be  used  to  determine  the  ex¬ 
cited  stale  absorption  cross  section  at  the  wavelength 
of  the  laser  write  beams.  A  simple  rate  equation  anal¬ 
ysis  of  the  optical  dynamics  of  a  two-level  atomic  sys¬ 
tem  can  be  used  to  obtain  an  estimate  for  the 
difference  in  the  absorption  coefficient  in  the  peak 
and  valley  regions  of  the  grating, 

Aa  =  l0Ncj,  (a2  — e, ) /  ( 2/„cr,  -Iiv/t)  ,  (II) 

where  I0  is  the  energy  density  of  the  laser  pump  beams 
with  photon  energy  hv ,  N  is  the  concentration  of  ac¬ 
tive  ions,  r  is  the  fluorescence  decay  lime  of  the  ex¬ 
cited  stale,  and  cr,  and  a-,  are  the  ground  and  excited 
stale  absorption  cross  sections,  respectively.  This 
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equation  can  lie  solved  for  cr;  and  ihe  measured  val¬ 
ues  of  ihe  parameters  used  to  calculate  the  excited 
slate  absorption  cross  section.  Doing  this  gives  a  value 
of  2. 1  x  10  cm’,  which  is  consistent  with  the  value 
found  [27]  from  excited  state  absorption  measure¬ 
ments  on  GSGG:Cr".  No  direct  measurements  of 
the  excited  stale  absorption  spectrum  of  GGG:Cr3  + 
have  been  reported,  and  thus  a  similar  comparison 
cannot  be  made  w  ith  the  LIG  results  obtained  on  this 
sample. 

There  is  additional  evidence  for  the  effects  of  ex¬ 
cited  state  absorption  in  the  results  obtained  for  the 
power  depciulenee  of  the  LJG  scattering  efficiency. 
The  deviation  from  a  simple  quadratic  dependence 
can  be  attributed  to  the  fact  that  at  the  two  laser 
wavelengths  used,  the  excited  state  absorption  cross 
sections  are  greater  than  the  ground  state  cross  sec¬ 
tions.  A  quantitative  description  of  the  results  would 
require  a  four-wave  mixing  analysis  based  on  a  three- 
level  atomic  system  which  is  extremely  complicated. 
A  qualitative  comparison  of  these  results  with  those 
obtained  on  other  Cr' ‘'-doped  laser  crystals  such  as 
ruby  and  alexandrite  indicates  that  excited  state  ab¬ 
sorption  effects  are  significantly  more  important  in 
these  garnets  than  in  the  other  hosts. 

The  long-lived  grating  is  most  probably  associated 
with  the  creation  of  transient  colot  centers  in  the  host 
crystal.  The  creation  of  color  centers  in  garnet  crys¬ 
tals  due  to  exposure  to  high-intensity  light  (espe¬ 
cially  in  the  ultraviolet  region  of  the  spectrum)  is  a 
well-known  phenomenon  ( 28  ] .  The  tendency  to  pro¬ 
duce  color  centers  has  been  attributed  to  oxygen  de¬ 
ficiency  m  the  garnet  lattice  [29  ].  In  GSGG  crystals 
the  production  of  color  centers  was  found  to  be  ac¬ 
companied  by  the  valence  change  [14,30]  CrJ+- 
Cr  ‘ .  This  type  of  charge  transfer  process  can  also 
produce  space  charge  electric  fields  in  a  crystal  The 
oscillatory  decay  kinetics  observed  for  the  long-lived 
grating  may  be  due  to  the  creation  of  space  charge 
fields  in  GGG.  Similar  oscillatory  kinetics  have  been 
reported  in  writing  and  erasing  holographic  gratings 
due  to  charge  relocation  in  photorefractive  crystals 
[31.32],  The  dark  decay  times  of  the  long-lived  grat¬ 
ings  in  these  crystals  are  of  the  order  of  several  hours 
which  indicates  that  this  type  of  optically  induced  re¬ 
fractive  index  change  can  be  an  important  loss  mech¬ 
anism  for  laser  operation  based  on  this  material. 

The  results  reported  here  demonstrate  the  useful¬ 


ness  of  LIG  speclrocopy  in  characterizing  the  prop¬ 
erties  of  solid  state  laser  materials.  This  technique 
provides  information  about  Ihe  properties  of  energy 
migration,  radiationless  decay  processes,  excited  state 
absorption,  and  optically  induced  color  centers. 
However,  the  results  are  quite  complicated  and  there 
arc  still  a  number  of  details  concerning  these  pro¬ 
cesses  which  require  further  study.  It  is  especially  im¬ 
portant  to  compare  the  results  of  LIG  measurements 
with  those  obtained  by  other  techniques  to  verify 
some  of  the  proposed  interpretations.  Also  a  system¬ 
atic  study  of  different  types  of  Cr  '  +  -doped  materials 
is  needed. 
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The  characteristics  of  the  four-wave-mixing  signal  of  Cr3+  ions  were  measured  for  host  crystals  of 
Gd, 50203)0,2,  Gd)Ga5012,  (Gd,Ca)5(Ga,Mg,Zr)2GasOl2,  and  I.a2Lu20a;012.  Signal  strengths  and 
decay  times  were  measured  as  functions  of  laser-beam  crossing  angles  and  temperature.  The  results 
are  used  to  determine  the  properties  of  radiationless  decay  and  energy-transfer  processes  in  these 
samples.  By  comparing  the  characteristics  of  the  *Ti-1E  radiationless  relaxation  process  among 
these  and  previously  investigated  CrJ  +  -doped  laser  crystals,  it  is  shown  that  the  ratio  of  the 
intersystem-crossing  relaxation  rate  to  the  internal  conversion  relaxation  rate  decreases  as  the 
strength  of  the  crystal  field  of  the  host  material  decreases.  The  properties  of  energy  migration 
among  the  CrJt  ions  in  the  different  host  materials  is  found  to  depend  on  the  average  separation  of 
the  fV  +  ions,  the  strength  of  the  crystal  field,  and  the  electron-phonon  interactions. 


I.  INTRODUCTION 


The  use  of  garnet  crystals  such  as  Gd3Ga5012  (GGG) 
and  Gd3Sc2Ga3Ol2  (GSGG)  doped  with  Cr3+  and/or 
Nd3  +  as  laser  materials  has  stimulated  an  interest  in  the 
study  of  the  physical  properties  of  these  and  similar  gar¬ 
nets.  A  good  deal  of  research  has  been  directed  towards 
the  study  of  material  characteristics  essential  to  las¬ 
ing.1  ~9  These  characteristics  can  be  altered  by  changing 
the  matertal’s  composition.  This  can  be  accomplished  by 
studying  other  garnets  such  as  La2Lu3Ga30,2  (LLGG)  or 
by  additional  doping  of  optically  inert  ions.  One  attempt 
at  the  latter  approach  is  substituting  Ca24-,  Mg23-,  and 
Zr3  4  ions  for  some  of  the  Gd34,  and  Ga34  ions  in  GGG 
to  give  a  mixed  garnet  structure  designated  GGGM.8'10 
An  understanding  of  how  the  crystal  structure  affects  the 
dephasing  and  energy-transfer  characteristics  of  the  opti¬ 
cally  active  ions  is  therefore  essential.  To  this  end,  four- 
wave-mixing  (FWM)  speitroscopy  is  a  useful  tool.  Previ¬ 
ous  studies  of  the  spectroscopic  properties  as  well  as  pre¬ 
liminary  FWM  results  on  GGG,  GSGG,  and  GGGM 
have  been  reported.9'11  This  paper  extends  the  previous 
work  by  using  FWM  to  study  energy  migration  and  opti¬ 
cal  dephasing  of  Cr3+  ions  by  pumping  into  the  *T2  band 
in  GGGM,  GGG,  and  GSGG,  and  by  pumping  into  the 
4T|  band  in  LLGG.  The  results  are  compared  to  those 
obtained  previously  on  Cr3+  ions  in  otb<*r  laser  crystals. 

As  reported  in  Ref.  10,  the  substitution  of  Zr3  +  ,  Ca2+, 
and  Mg24  ions  for  Ga3+  and  Gd3+  ions  in  GGG  results 
in  a  relatively  high  segregation  coefficient  of  2.8  and  a 
larger  lattice  constant  of  12.4942  A.  This  produces  a 
lower  crystal  field  at  the  site  of  the  dopant  ion  which  is 
intermediate  between  the  crystal-field  values  for  GGG 
and  GSGG.  In  addition,  there  are  several  nonequivalent 
sites  for  the  Cr34  ions  which  causes  spectral  structure 
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and  significant  inhomogeneous  broadening  of  the  optical 
transitions.  The  sample  used  in  this  study,  provided  by 
the  Chrismatec  company  in  France,  was  4X4X5  mm3 
with  a  concentration  of  5.4X1019  Cr34  ions/cm3.  The 
GSGG  and  GGG  samples  were  5.5-  and  1.5-mm  thick 
with  Cr34  concentrations  of  1.4X  1020  and  I  X  1020  cm"3, 
respectively.  The  LLGG  sample  was  approximately 
20X10X4  mm3,  with  the  large  fiat  surfaces  perpendicu¬ 
lar  to  the  [111]  direction,  and  a  concentration  of 
5. OX  1019  Cr34  ions/cm3. 

Figures  1  and  2  show  the  room-temperature  absorption 
and  emission  spectra  of  the  GGGM  and  LLGG  samples. 
The  absorption  spectra,  taken  by  an  IBM  9430  uv-visible 
spectrometer,  are  dominated  by  two  strong  absorption 
bands,  centered  at  460  and  640  nm  in  GGGM  and  485 
and  685  nm  in  LLGG.  In  both  samples,  the  higher- 
energy  band  is  due  to  the  4 A2-4Tl  absorption  transition 


FIG.  1.  Room-temperature  absorption  (solid  line)  and  emis¬ 
sion  spectrum  (dotted  line)  of  CrJ '  -doped  GGGM 
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I  Fi  2  Al'sm  pt  ion  (solid  line)  and  emission  spectrum  (dot¬ 
ted  tine)  of  (  V  doped  I. LOG  tit  12  K. 


and  the  lower-energy  hand  results  from  t he  4A2-4T2  tran¬ 
sition  I  lie  sharp,  relatively  weak,  spin  forbidden  transi¬ 
tions  I'toni  the  ‘.I  ,  ground  state  to  the  !E,  2T,,  and  2T2 
stales  are  overlapped  hy  the  broad  bands.  The  transition 
matrix  elements  interfere  destructively  on  one  side  of  the 
sharp  transition  resonance  and  constructively  on  tlte  oili¬ 
er  flits  results  in  the  absorption  spectra  having  a 
characteristic  anliresonanl  line  shape,  or  Fano  resonance, 
in  the  vicinity  of  the  overlap.  For  GGGM,  the  dips  in 
the  lineshape  on  the  low-energy  side  of  the  47',  and  47\ 
bands  are  due  to  overlap  with  the  sharp  2T2  and  2  7",  tran¬ 
sitions.  The  zero  phonon  line  due  to  the  4A2-2E  absorp¬ 
tion  is  located  at  695  nm.  For  LLGG,  the  lower  crystal- 
field  results  in  the  *Tt  and  47'2  bands  shifting  towards 
lower  energy.  The  antiresonances  due  to  2  7",  and  2T2 
therefore  appear  on  the  high-energy  side  of  tiie  two  broad 
absorption  bands.  The  prominent  antiresonance  near  the 
peak  of  the  47’2  band  is  due  to  the  4  A2-2E  transition.  The 
other  sharp  lines  in  the  spectrum  correspond  to  the  tran¬ 
sitions  of  Nd’ 1 ,  which  is  an  unwanted  impurity. 

The  emission  spectrum  was  excited  by  a  nitrogen 
laser-pumped  cl  ye  laser,  analyzed  with  a  1  -m  spectrome¬ 
ter,  and  detected  by  an  RCA  C31034  photomultiplier 
tube  for  the  GGGM  and  an  RCA  7102  for  the  LLGG. 
The  fluorescence  for  both  samples  is  characterized  by  a 
very  broad,  Stokes  shifted  emission  which  is  the  result  of 
the  low  crystal  field  causing  the  4T2  energy  level  to  be 
lowered;  in  the  case  of  LLGG,  4T2  is  1000  cm'1  lower 
than  'E  as  measured  from  minima  to  minima  on  the 
configuration  coordinate  diagram.  For  GGGM,  the 
*T2-4A2  emission  is  centered  at  750  nm  with  the  2E-*A2 
transition  manifesting  itself  as  a  shoulder  at  695  nm.  For 
I.LGG,  the  iluorescence  is  centered  at  820  nm  with  the 
sharp  dips  and  peaks  due  to  NdJ+  impurities.  For  excita¬ 
tion  at  both  490  and  685  nm,  the  fluorescence  decay  of 
LLGG  was  single  exponential,  with  the  corresponding 
lifetime  ranging  from  120  {is  at  11  K  to  70  {is  at  room 
temperature.  This  is  consistent  with  the  fluorescence  be¬ 
ing  dominated  by  emission  from  the  *T 2  level  rather  than 
the  long-lived  metastable  2 E  level.  Although  the  absorp¬ 
tion  at  the  peak  of  the  47\  band  is  about  twice  that  at  the 


peak  of  the  4T,  band,  the  fluorescence  intensity  resulting 
from  excitation  at  685  nm  is  slightly  less  than  the  fluores¬ 
cence  from  490  nm  excitation.  This  implies  that  some 
sort  of  fluoresence  quenching  occurs  for  excitation  into 
the  4T2  band.  It  is  conceivable  that  a  center  other  than 
the  CrJ+  is  being  excited.  However,  analysis  of  the  4 T2 
fluoresence  shows  an  emission  peak  and  lifetime  con¬ 
sistent  with  excitation  of  Cr3  4  which  implies  that  the  ad¬ 
ditional  center  must  be  nonfluorescing.  We  are  unable  to 
conclusively  explain  these  results  at  the  present  time,  al¬ 
though  it  appears  that  fluoresence  quenching  of  the  4T2 
band  may  be  the  reason  why  no  laser-induced  grating  is 
observed  when  exciting  into  this  level,  as  discussed  in  the 
following. 


II.  RESULTS  FOR 

FOUR-WAVE-MIXING  SPECTROSCOPY 

FWM  is  an  effective  method  for  studying  long-range 
energy  migration  and  optical  dephasing  phenomenon 
among  dopant  ions  in  solids.12-14  Earlier  papers912,14 
describe  in  detail  the  procedure  for  using  FWM  tech¬ 
niques  as  a  spectroscopic  tool.  Figure  3  shows  the  experi¬ 
mental  setup  used  in  these  experiments.  Emission  from  a 
Spectra  Physics  argon  ion  laser  or  argon  ion  laser- 
pumped  ring  dye  laser  was  passed  through  a  chopper 
(Cl I )  and  divided  into  two  beams  of  equal  intensities  us¬ 
ing  a  50:50  beam  splitter  ( BS).  These  two  noncollinear 
laser  beams  (called  the  write  beams)  are  then  focused 
onto  the  sample  using  the  appropriate  mirrors  A/ , ,  A/2, 
and  A/j.  Tin  path  length  is  adjusted  so  that  the  two 
write  beams  cross  inside  the  sample  creating  a  sinusoidal 
interference  pattern.  Since  the  energy  of  the  laser  pho¬ 
tons  is  resonant  with  the  energy  of  an  electronic  transi¬ 
tion  of  the  Cr3+  ions,  an  excited-state  population  grating 
is  created  having  the  same  spatial  pattern.  This  popula¬ 
tion  grating  produces  a  sinusoidal  variation  in  the  refrac¬ 
tive  index  due  to  the  difference  in  the  polarizability  of 
Cr3  4  ions  in  the  excited  slate  versus  the  ground  stale.  A 
very  low  power  He-Ne  laser  beam  nearly  counlerpro- 


FIG.  3.  Experimental  setup  for  four  wave  mixing.  CM  — 
chopper  BS  —  beam  splitter  and  M — mirror.  For  excitation 
into  the  J7'|  band,  the  ring  dye  laser  is  removed  from  the  setup. 
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pagating  to  one  of  the  write  beams  is  scattered  off  this 
grating.  When  the  Bragg  condition  is  satisfied,  the 
diffracted  beam  is  nearly  counterpropagating  to  tiie 
second  write  beam.  This  laser-induced  grating  (LIG)  sig¬ 
nal  is  then  directed  to  an  RCA  C31034  photomultiplier 
tube  IPMT)  using  mirror  A i4.  The  output  of  the  PMT  is 
taken  into  an  EG&G  Princeton  Applied  Research  model 
4202  signal  averager  (averager)  and  then  to  an  IBM  XT 
personal  computer  where  the  digital  data  is  stored.  The 
trigger  to  the  averager  was  provided  by  the  chopper  and 
pulse  generator  assembly.  The  sample  was  kept  in  a  cry¬ 
ostat  and  the  temperature  was  controlled  using  a  CTI 
Cryogenics  closed-cycle  helium  refrigerator  and  a  Lake 
Shore  Cryotronics  model  805  temperature  controller. 
The  temperature  measurements  were  accurate  to  better 
than  0.5  K. 

The  LIG  signal  carries  all  of  the  information  about  the 
physical  processes  influencing  the  population  grating. 
Gratings  were  created  by  laser  pumping  into  the  47’) 
band  using  an  argon  ion  laser  and  pumping  the  47\  band 
using  an  argon  ion  laser  pumped  dye  laser.  In  both  cases 
the  population  grating  is  observed  after  radiationless  re¬ 
laxation  processes  establish  an  equilibrium  population  in 
the  •£  and  47\  levels. 

Figure  4  shows  the  intensity  of  the  signal  beam  at  room 
temperature  for  GGGM  with  514.5  nm  pumping.  When 
both  write  beams  are  turned  off  at  t  =0,  the  signal  de¬ 
creases  by  a  significant  amount  with  a  decay  time  of  the 
order  of  the  CrJ+  fluorescence  lifetime  indicating  that  the 
major  contribution  to  the  signal  is  associated  with  the 
Or1  *■  population  grating.  The  presence  of  a  small  residu¬ 
al  signal  indicates  the  presence  of  a  long-lived  grating, 
which  is  due  to  other  physical  processes  such  as  charge 
relocation  or  the  creation  of  color  centers.  To  erase  this 
long-lived  grating,  a  single  "erase  beam”  was  turned  on 
at  i  =4  nnn.  Similar  long-lived  components  to  the  LIG 


FIG.  4  LIG  signal  decay  after  the  write  beams  are  turned  off 
at  i  =0  min,  and  alter  an  erase  beam  is  turned  on  at  (  =4  min. 


FIG.  5.  Scattering  efficiency  as  a  function  of  laser  beam 
power  for  excitation  into  the  *T{  band  of  CrJ  1  -doped  GGGM. 


signals  were  observed  in  the  GGG  and  GSGG  samples'1 
but  no  long-lived  grating  component  was  observed  for  the 
LLGG  sample.  The  characteristics  of  the  signal  beam  as¬ 
sociated  with  the  population  grating  are  discussed  in  the 
following. 

The  scattering  efficiency  for  GGGM  is  plotted  as  a 
function  of  write  beam  power  in  Fig.  5.  It  was  found  to 
vary  quadratically  for  low  values  of  power,  saturate  for 
intermediate  powers  and  then  rise  again  for  higher 
powers.  The  saturation  occurs  at  power  levels  where  the 
rate  of  pumping  ions  into  the  metastable  stale  is  equal  to 
the  fluoresence  decay  rate  of  the  metastable  stale.  The 
quadratic  dependence  and  saturation  level  are  consistent 
with  the  predicted  behavior  lor  this  type  of  population 
grating.14  The  behavior  at  higher  laser  power  indicates 
the  onset  of  additional  nonlinear  optical  processes.  In  or¬ 
der  to  ensure  the  validity  of  the  results  in  the  following 
sections,  the  write  beam  powers  were  kept  low  enough 
that  the  system  was  well  below  saturation. 

A.  Energy  transfer 

The  decays  of  the  LIG  signal  in  GGGM  were  recorded 
at  temperatures  between  18  K  and  room  temperature  for 
both  514.5  and  581  nm  excitation  at  various  crossing  an¬ 
gles  of  the  write  beams.  The  decay  of  the  transient  signal 
is  shortened  by  energy  migration  from  the  peak  to  the 
valley  region  of  the  grating  As  the  crossing  angle  of  the 
write  beams  is  increased,  the  grating  spacing  is  decreased 
and  the  effects  of  energy  transfer  are  enhanced.  The  grat¬ 
ing  spacing  A  is  given  by 

A  =  A/[ 2 sinl f?/2 )]  ,  (I) 

where  &  is  the  write  beam  crossing  angle.  The  crossing 
angles  used  here  ranged  from  about  2“  to  about  22”  giving 
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FIG.  b.  Transient  I  IG  signal  decay  at  18  K  for  Crw-dopcd 
GGGM  using  M4.5  nm  excitation.  Total  signal  is  shown  to  he 
ctmipi  tsetl  of  two  single  exponentials. 

a  grating  spacing  tanging  from  about  1.4  /tni  to  about  16 
/tin  for  the  two  wavelengths  used. 

Figure  6  shows  an  example  of  the  decay  of  the  tran¬ 
sient  FIG  signal  in  GGGM.  The  decay  is  a  double  ex¬ 
ponential  which  is  consistent  with  the  presence  of  two 
crystal-field  sites  for  Cr3  '  tons  in  the  sample.10  The  de¬ 
cay  times  of  t he  two  components  were  found  to  have  the 
same  temperature  and  crossing  angle  dependences,  there¬ 
fore  we  show  the  analysis  only  for  the  short  component. 

Figure  7  shows  an  example  of  the  signal  decay  rate  in 
GGGM  as  a  function  of  sin2(0/2)  for  a  given  tempera¬ 
ture.  From  the  slope  of  the  curve,  we  can  calculate  the 
exciton  diffusion  coefficient  D  for  that  temperature  as  de¬ 
scribed  in  the  following.  The  temperature  was  varied 
from  18  to  300  K  but  no  energy  migration  was  observed 
for  temperatures  exceeding  150  K. 

To  obtain  detailed  information  about  the  ion-ton  in¬ 
teraction  rate  and  exciton-phonon  scattering  rate,  we 
have  used  the  theory  developed  by  Kenkre  et  a/.13  The 


FIG  7  FWM  signal  decay  rale  as  a  function  of  sin;tfi/2)  for 
C'r' '  -doped  GGGM  The  point  at  0  =  0  is  twice  the  measured 
IhnircM eticc  decay  rate 


basic  assumptions  used  in  the  development  of  this  model 
are  consistent  with  the  conditions  of  our  experiments. 
According  to  this  theory,  exponential  decays  of  the  nor¬ 
malized  transient  grating  signal  in  the  presence  of  exciton 
migration  can  be  described  by 

/,(< )  =  exp(  —  2r  |  [( 1  /rf  +  a  )2  +  b2],/2 -a  | )  .  (2) 

Here  r,  is  the  fluorescence  lifetime,  a  is  the  exciton 
scattering  rate,  and  b  is  defined  as, 

b  =4  V  sitiff  2rra /A  )sin<  0/2  )  ]  ,  (3) 

where  V  is  the  nearest-neighbor  ion-ion  interaction  rate, 
and  a  is  the  average  distance  between  active  ions.  The 
exciton  dynamics  can  be  characterized  by  these  parame¬ 
ters  in  terms  of  the  diffusion  coefficient  D ,  the  diffusion 
length  Lj,  the  mean  free  path  Lm,  and  the  number  of 
sites  visited  between  successive  scattering  events  .V, . 
These  parameters  are  given  by 


D  —  2K2u2/«  ,  14) 

Lj  =1  2Dt,  )l/2  ,  1 5 ) 

L,„  —  v  2 1  'a  /a  .  (b: 

V.  =  L,„  /a  ,  1 7) 


respectively.  Table  I  shows  the  energy  migration  param¬ 
eters  for  Cr3t  in  GGGM  determined  in  these  experi¬ 
ments. 

In  Fig.  8,  t/ie  exciton  diffusion  coefficient  D  is  plotted 
as  a  function  of  temperature.  The  data  can  be  fit  by  an 
expression  of  the  form 

D  =  A  )  ,  (8) 

which  is  consistent  with  phonon  scattering  limiting  the 
mean  free  path  of  the  exciton  migration.15 

Figure  9  shows  the  temperature  dependences  of  the 
ion-ion  interaction  rate  and  the  exciton-phonon  scatter¬ 
ing  rale  for  GGGM.  The  ion-ion  interaction  rate  is  in¬ 
dependent  of  the  temperature  while  the  exciton-phonon 
scattering  rate  increases  linearly  with  temperature.  This 


FIG.  8.  Variation  of  the  exciton  diffusion  coefficient  D  with 
respect  to  the  temperature  for  Cr1 '  doped  GGGM. 
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TA13LE  1.  Energy  migration  parameters  for  CrJ  f  -doped  GGGM. 


73K) 

a(  !04  sec  1 ) 

K(  I04  sec' 1 ) 

D(  I0~!  cm2/sec) 

Lm(/im) 

Ldi(  im) 

18 
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1.303 
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5.76 

0.65 

15  18 

40 

1  968 

3  760 

3.05 

0.39 

11.05 

50 

3.493 

4.190 

2.14 

0.25 

9  25 

70 

5.024 

3  830 

1.24 

0.15 

6.86 

90 

7  159 

4.085 

0.99 

0.12 

6.29 

1 10 

10.350 

3  980 

0.65 

0  08 

4  84 

150 

11.210 

4.060 

0.31 

0.07 

3.34 

increase  is  associated  with  t Me  additional  phonons  avail¬ 
able  at  higher  temperatures. 

Similar  studies  on  LLGG  revealed  that  when  exciting 
the  J7'|  band  at  488  ntn,  the  transient  grating  decay  rale 
was  independent  of  the  angle  between  the  write  beams  at 
all  sample  temperatures  between  23  and  220  K.  This  is 
consistent  with  no  long-range  energy  migration  occurring 
in  this  material.  No  FWM  signal  could  be  observed  when 
exciting  t lie  *T:  band  at  660  inn. 

It.  Optical  dephasing  measurements 

The  laser  beams  in  a  FWM  experiment  drive  the  sys¬ 
tem  of  ions  coherently  and  the  time  it  takes  the  system  of 
ions  to  lose  phase  coherence  aliens  the  strength  of  the 
FWM  signal.  Dephasing  can  occur  when  the  ions  in¬ 
teract  with  the  phonons  of  the  system  or  wit/i  other  ions 
in  i lie  ensemble  or  when  decay  to  another  energy  level 
occurs.  The  model  used  to  describe  the  effect  of  deplias- 
mg  on  the  FWM  signal  was  developed  in  Refs.  16,  17, 
and  18  and  extended  for  our  experimental  conditions  in 
Rets  12  and  14.  The  main  assumption  of  this  model  is 
the  approximation  of  the  ensemble  of  ions  as  a  two-level 
system. 

The  model  describes  an  ensemble  of  two-level  systems 
and  their  interaction  with  the  four  laser  beams  through 


four  coupled  differential  equations.  These  equations  have 
been  solved  numerically  treating  the  real  and  imaginary 
parts  of  the  coupling  parameters  D,  and  D1  as  adjustable 
parameters  defined  below: 

Dt  =Dr]+iD\  =2itiiUk-$)  ,  (9) 

D,=  D[+  iD\  =  ttii&kL  ,  (10) 

where  /t  is  the  permeability  of  (he  material,  |  is  an 
effective  susceptibility,  L  is  the  distance  of  the  overlap  re¬ 
gion,  k  is  a  parameter  related  to  the  complex  index  of  re¬ 
fraction,  and  As  is  the  laser  induced  modulation  of  k. 
This  can  be  separated  into  a  modulation  A n  of  the  refrac¬ 
tive  index  and  Aa  of  the  absorption  coefficient.  These  pa¬ 
rameters  are  related  to  the  adjustable  coupling  parame¬ 
ters  D\,  D\,  D '2,  and  U'2  as  follows: 

Aa=  -  2frD2  /D\  ,  1 1  1 1 

An  =  ( nc  /<o)D / D\  ,  (12) 

where  m  is  the  frequency  ol  the  laser  line,  a  is  the  aveingc 
absorption  coefficient  at  the  write  beam  wavelength  and  c 
is  the  speed  of  light.  The  dephasing  time,  /’,  is  given  by 

7*2  =s(2<i»/c  )( Aw /Aa)(fj  — w2| )  ‘  1  ,  (13) 

where  a. is  the  resonant  transition  frequency. 

The  set  of  coupled  differential  equations  can  he  solved 
for  special  cases.12  To  see  the  elfect  of  the  crossing  angle 
on  the  scattering  efficiency,  we  consider  one  special  case 
where, 

(D'2)2-F(Zr2)2-(Z)',  4-  D1,  I2  >  0  (14) 


and 

d;-d'2* 


o 

[(  )2  F(  D2  )2  —  (  D  j  -O',)2]1 


(15) 


The  scattering  efficiency  is  then  given  by 


>/(d)  =  2((  D  2  )2  W  D2  )2][(  D2  )2  f-  ( D  2  )2  —  (  D  j  l  O',)2]  1 
X  sin2]  k  [(  02  )2  f  (  02  )2  —  (  O  j  4  O',)2]''2 

X  ln[  laid  0/4 )  ]  |  .  (16) 


FKi  7  V.iriaiinn  of  the  excuon-plionon  scattering  rale  « 
anil  ion  -  ion  inleraclion  rale  )  as  funciions  of  temperature  for 
Cr" -doped  GGGM 


1  he  crossing  angle  0  in  the  preceding  expression  is  du ect- 
ly  connected  with  the  overlap  of  the  laser  beams  which  in 
turn  determines  the  modulation  of  the  complex  index  of 


FOUR-WAVE  MIXING  SPECTROSCOPY  OF  Cr-DOPED  GARNET 


FIG  1(1  I  Ki  scattering  efficiency  as  a  (unclion  of  crossing 
angle  of  the  cs. rite  beams  for  excitation  into  t he  *Tt  band  of 
Cr 1  ’  -doped  GGGM. 

refraction  and  t he  absorption  coefficient.  The  coefficients 
in  the  expression  for  ?/  are  found  numerically. 

In  Fig  10  the  scattering  efficiency  is  plotted  as  a  func¬ 
tion  of  the  crossing  angle  for  excitation  ;nto  the  *T ,  band 


FIG.  1).  L1G  scattering  efficiency  as  a  function  of  crossing 
angle  of  the  write  beams  for  excitation  into  (he  */\  band  of 
Cr'  v  -doped  GGGM. 

of  GGGM.  Solid  circles  represent  the  experimental  data 
points  whereas  the  solid  line  denotes  the  theoretical  fit. 
The  good  agreement  between  theory  and  experiment 
shows  that  for  write  beam  powers  well  below  saturation, 


FAME  II.  Parameters  for  the  best  fit  to  the  scattering  efficiency  vs  crossing  angle  plot  and  the  de- 
pliasmg  time  T,  for  Cr^-doped  laser  materials.  NA  indicates  that  the  data  is  not  available 
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FIG.  12.  Scattering  efficiency  as  a  function  of  crossing  angle 
for  the  excitation  into  *T1  band  of  Cr14  ions  in  Cr1  +  -doped 
GGG. 


FIG.  14.  LIG  scattering  efficiency  as  a  function  of  crossing 
angle  of  the  write  beams  for  excitation  into  the  *TX  band  of 
CrJ> -doped  LLGG. 


the  two-level  system  gives  a  reasonable  description  of  the 
results.  The  values  of  the  parameters  used  to  obtain  the 
best  fit  along  with  the  calculated  dephasing  times  ror 
different  materials  used  in  this  survey  are  given  in  Table 

II. 

Figures  11-14  give  the  experimental  data  and  theoreti¬ 
cal  fits  for  the  scattering  efficiencies  as  a  function  of  the 
write  beam  crossing  angle  for  the  excitation  into  the  4r2 
band  of  GGGM,  GGG,  GSGG,  and  the  *T\  band  of 
LLGG,  respectively.  The  values  of  the  parameters  used 
to  obtain  the  best  fit  and  the  corresponding  dephasing 
time  are  given  in  Table  II. 

The  expression  for  the  dephasing  time  T2  is  given  by18 
l/r2  =  l/T,  +  1/Tf°  ,  (17) 


FIG  13  LIG  scattering  efficiency  as  a  function  of  crossing 
angle  of  the  write  beams  for  excitation  into  the  >T!  band  of 
Cr'  ’  -doped  GSGG. 


where  Tt  is  the  relaxation  time  of  the  excited  level  and 
T2d  is  the  time  associated  with  the  scattering  mecha¬ 
nisms. 

For  excitation  into  the  4T2  band,  the  dephasing  is  dom¬ 
inated  by  the  time  an  ion  takes  to  relax  to  the  metastable 
2£  level.  This  relaxation  can  follow  two  possible  paths  as 
described  by  the  model  proposed  by  Gilliland  et  al. 14 
Figure  15  (adopted  from  Ref.  14)  shows  the  energy-level 
parabolas  for  CrJf  ions.  The  laser  excites  an  ion  into  an 
excited  vibrational  level  of  the  *T2  band  at  point  A.  It 


FIG.  1 5.  Model  used  lo  analyze  the  dynamics  of  l he  uonrutli- 
ative  decay  from  the  *T,  level  lo  the  2  E  level  of  Cr1 1  ions  in 
Alexandrite.  The  solid  vertical  line  represents  optical  absorp¬ 
tion  (adopted  from  Ref.  14). 
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AEpp(cm-1) 


FIG.  16.  / , -dephasing  time  and  the  ratio  K„,  (ISC)/K„,(  IC) 
as  a  function  of  AErr  (the  energy  difference  between  the  peak  of 
the  *7  .  hand  and  the  peak  of  the  :E  band  in  the  absorption 
spectrum  of  Cr1 '  -doped  laser  materials). 


K(ISC)/K(IC) 


can  then  relax  within  the  4T2  band  following  the  path  FIG.  17.  Dephasing  time  IT,)  as  a  function  of  the  ratio 
through  point  D  (where  the  two  parabolas  cross).  The  ex-  X(ISC)/X(IC). 
citation  then  crosses  over  to  the  2E  state  and  emits  pho¬ 
nons  until  it  reaches  the  bottom  of  the  2E  potential  well. 

This  process  is  called  internal  conversion  (IC)  and  the  matrix  elements  are  calculated  using  a  single  effective 

corresponding  nonradialive  rate  is  denoted  by  Knr  (IC).  phonon  frequency  and  Morse  potential  wave  functions  to 

Alternatively,  the  excited  ion  can  relax  by  immediately  account  for  anharmonicity. 20-27  The  multielectron  re¬ 
crossing  over  to  the  2E  band  at  point  B‘  and  then  emit-  duced  matrix  elements  involved  here  are  expressed  in 

ting  phonons  to  reach  the  bottom  of  the  potential  well.  terms  of  the  single-electron  reduced  matrix  elements 

This  process  is  called  intersystem  crossing  (ISC)  and  the  which  have  already  been  tabulated  by  Sugano  el  a  I.2* 

corresponding  nonradialive  rate  is  denoted  by  Knr  (ISC).  Due  to  the  difficulties  involved  in  calculating  the  exact 

As  noted  in  Ref.  14,  after  the  first  step  is  taken,  the  entire  electronic  wave  functions  needed  for  the  evaluation  of  the 

path  for  the  dephasing  is  determined.  The  dephasing  single-electron  matrix  elements,  only  the  ratio  of  the  two 

time  T ,  is  directly  affected  by  whether  IC  or  ISC  path  is  rates  lSC)/K’tlr(  IC)  is  considered, 
the  preferred  channel  for  the  nonradialive  relaxation.  Calculations  were  performed  for  the  Cr-doped  laser 
Since  the  details  of  this  process  are  described  in  Ref.  14,  materials  ruby,  alexandrite,  emerald,  GGG,  GGGM,  and 

we  will  only  mention  the  important  points.  GSGG,  which  have  been  investigated  by  FWM  spectros- 

Thc  nonradialive  decay  rates  are  calculated  using  stan-  copy.  The  results  can  be  used  to  determine  the  relation- 

dard  perturbation  theory  techniques.19  The  vibrational  ship  between  the  dephasing  process  and  the  energy 


TAIILE  III.  Results  of  dephasing  time  measurements  on  Cr,f-doped  laser  materials  for  pumping 
into  the  *T\  band. _ _ _ _ _ _ 
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0.003  1 

0.35 

3826 


HASHM1,  VER  STEEG,  DURVILLE,  POWELL,  AND  BOULON 


42 


» 


difference  between  the  peak  of  the  47'2  band  and  the  peak 
of  the  lE  band  in  the  absorption  spectrum  denoted  by 
A  £  .  Nonradiative  decay  rates  were  calculated  for  the 
two  possible  dephasing  paths  and  results  of  the  calcula¬ 
tions  are  given  in  Table  III. 

It  is  interesting  to  note  that  for  all  the  materials  con¬ 
sidered,  the  ratio  ATnr(  ISC)//Tnr(  IC)  is  greater  than  1. 
This  generalizes  the  conclusion  drawn  in  Ref.  14  that  in 
Cr-doped  laser  materials,  after  pumping  into  the  47'2  lev¬ 
el,  the  dominant  relaxation  path  for  the  excitation  is  ISC 
and  not  IC. 

In  Fig.  16  the  ratio  /f„((ISC)/ATlir(IC)  and  the  dephas¬ 
ing  time  are  plotted  as  a  function  of  the  energy  splitting 
A E  .  The  two  quantities  have  the  same  dependence  on 
A Epp.  To  further  demonstrate  this  relationship,  the  de- 
phasing  time  T2  is  plotted  as  a  function  of  the  ratio 
Knr(lSC)/KarllC)  in  Fig.  17  and  the  result  is  a  straight 
line. 


III.  DISCUSSION  AND  CONCLUSIONS 

Investigations  of  long-range  energy  migration  have 
been  earned  out  on  several  different  Cr3 ‘"-doped  laser 
crystals.  No  long-range  energy  migration  was  observed 
in  ruby,  the  inversion  site  ions  in  alexandrite,  or  LLGG. 


Detailed  information  on  ion-ion  interaction  rates  and 
exciton-phonon  scattering  rates  was  not  available  from 
the  previous  results  reported  for  GGG  and  GSGG. 
Table  IV  summarizes  the  results  for  GGG,  GSGG, 
GGGM,  LLGG,  emerald,  ruby,  and  inversion  and  mirror 
site  ions  in  alexandrite.  The  characteristics  of  energy 
transfer  vary  significantly  from  host  to  host  depending  on 
parameters  such  as  the  distance  between  the  Cr34  ions, 
the  lifetime  of  the  metastable  state,  the  spectral  overlap 
between  absorption  and  emission,  and  the  electron- 
phonon  interactions.  The  variation  of  each  of  these  pa¬ 
rameters  from  host  to  host  makes  it  difficult  to  establish  a 
simple  trend  for  energy  transfer  in  Cr3  ‘  -doped  crystals. 

One  critical  parameter  in  a  diffusion  or  random  walk 
picture  of  energy  migration  is  the  spacing  between  the 
sites  of  the  lattice  on  which  the  random  walk  is  occur¬ 
ring,  designated  as  a.  In  this  case  a  is  the  average  separa¬ 
tion  between  Cr3  +  ions.  This  appears  explicitly  in  the  ex¬ 
pression  for  both  the  ion-ion  interaction  rate  V  and  the 
diffusion  coefficient  D.  This  separation  is  affected  by  the 
Cr3  +  concentration  in  the  sample,  the  host  lattice  spac- 
ings,  and  the  distribution  properties  of  the  Cr3 1  ions  in 
the  host.  For  mirror  sites  in  alexandrite  crystals,  it  is 
well  known  that  the  Cr3  *  ions  are  not  distributed  ran¬ 
domly  and  the  value  of  a  used  in  Table  IV  was  estimated 
from  previous  measurements  on  this  sample.12,14  For  the 


TABLE  IV  Energy  migration  parameters  for  Cr3*-doped  laser  crystals.  NA  indicates  that  Ihe  data  is  not  available. 
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oilier  samples,  the  values  listed  for  a  are  the  average 
Cr'+  separations  assuming  a  uniform  distribution  of  ions. 
This  of  course  is  a  rough  approximation  to  the  true  situa¬ 
tion  of  randomly  distributed  impurity  ions.  Note  that  for 
the  two  high  crystal-field  cases  of  ruby  and  alexandrite 
inversion  sites,  the  values  of  a  are  extremely  large.  This 
results  in  a  very  small  value  for  V  and  thus  explains  the 
lack  of  long-range  energy  migration  in  these  cases. 

The  samples  in  Table  IV  are  listed  in  order  of  decreas¬ 
ing  crystal  field.  As  the  crystal  field  decreases,  the  popu¬ 
lation  distribution  of  the  excited  state  of  the  Cr3+  ions 
changes  from  being  primarily  in  the  1E  level  to  being  pri¬ 
marily  in  the  47'2  level.  The  latter  level  has  a  shorter  life¬ 
time  and  larger  Stokes  shift  compared  to  the  former  level. 
The  lifetime  decrease  results  in  an  increase  in  V  while  the 
increased  Stokes  shift  decreases  the  spectral  overlap  in¬ 
tegral  thus  decreasing  the  number  density  of  ions,  N  and 
V.  The  value  of  (he  ion-ion  interaction  rate  decreases  by 
an  order  of  magnitude  between  alexandrite  ( M )  and  em¬ 
erald  and  then  increases  by  an  order  of  magnitude  be¬ 
tween  emerald  and  GGG.  The  fluorescence  lifetime  is 
not  significantly  different  for  alexandrite  (A/)  and  emerald 
samples  so  the  observed  decrease  in  V  is  associated  with 
the  decreased  spectral  overlap.  The  increase  in  the  case 
of  GGGM  may,  however,  be  associated  with  the  smaller 
fluorescence  lifetime  in  this  sample.  The  increased  values 
of  D  for  these  three  samples  is  associated  with  the  de¬ 
creased  values  of  a  as  well  as  changes  in  the  number  den¬ 
sity  of  ions,  iV.  The  value  of  V  was  found  to  be  essentially 
independent  of  temperature  at  low  temperatures  for  alex¬ 
andrite  mirror  sites  and  the  GGGM  sample  indicating 
that  a  and  N  do  not  vary  with  T  in  this  range.  However, 
in  emerald  V  was  found  to  increase  with  temperature  be¬ 
cause  iV  increases.29  The  temperature  dependence  of  V 
was  not  determined  for  the  other  samples. 

The  values  of  the  scattering  rate  a  which  limits  the 
mean  free  path  of  the  migrating  energy  varies  from  alex¬ 
andrite  (A/)  to  GGGM  and  is  found  to  increase  with  tem¬ 
perature.  Since  the  details  of  the  exciton-phonon  cou¬ 
pling  are  not  known,  it  is  not  possible  to  predict  the 
sample-lo-sample  variation  in  a. 

From  the  discussion  above,  it  is  possible  to  understand 
the  observed  differences  in  the  energy  diffusion  coefficient 
D  from  sample  to  sample.  Jhe  values  of  D  increase  with 
increasing  ion-ion  interaction  rate  and  decrease  with  in¬ 
creasing  excitation  scattering  rate.  The  diffusion 
coefficient  increases  with  temperature  in  emerald  where  V 
is  phonon  assisted  but  decreases  with  temperature  for 
alexandrite  mirror  sites  and  GGGM  where  V  is  constant 
and  a  increases  with  temperature.  Recently  Kaplyanskii 
has  combined  the  techniques  of  site-electron  spectrosco¬ 
py  and  Stark  shifting  of  spectral  lines  to  distinguish  be¬ 
tween  resonant  and  nonresonant  energy  transfer  between 
Cr3  +  ions  at  low  temperature.10  He  observed  “anoma¬ 
lously  fast  and  effective"  resonant  energy  transfer  among 
the  Cr3  +  ions  in  mirror  sites  in  alexandrite  crystals  but 
not  in  ruby  crystals.  His  results  are  consistent  with  the 
results  of  FWM  studies  of  energy  migration  in  these  sam¬ 
ples. 

Comparing  the  results  obtained  on  the  dependence  of 
the  FWM  signal  magnitude  of  the  crossing  angle  of  the 


write  beams  with  the  model  proposed  by  Gilliland  el  a/.14 
for  the  dephasing  mechanism  in  Cr-doped  materials,  we 
conclude  that  internal  conversion  is  the  dominant  relaxa¬ 
tion  path  when  the  chromium  ions  are  excited  to  the  47', 
level.  This  is  due  to  the  fast  relaxation  of  the  excitation 
to  the  bottom  of  the  47’l  configuration  potential  well. 
The  information  on  optical  dephasing  obtained  from 
FWM  measurements  pumping  into  the  47"2  level  shows 
that  radiationless  relaxation  to  the  2E  level  through  inter¬ 
system  crossing  is  the  dominant  dephasing  process  in 
these  Cr1  + -doped  laser  crystals.  The  relative  importance 
of  dephasing  through  internal  conversion  within  the  *T2 
level  becomes  more  important  as  the  crystal  field  of  the 
host  decreases. 

The  analysis  for  determining  the  dephasing  time, 
change  in  refractive  index  (An),  and  the  change  in  absorp¬ 
tion  coefficient  (Aa)  assumes  an  effective  two-level  system 
model.  The  use  of  this  model,  despite  its  simplicity,  has 
been  justified  on  the  basis  of  its  ability  to  predict  values  of 
Aa  which  are  consistent  with  values  determined  indepen¬ 
dently  by  ground  and  excited-state  absorption  measure¬ 
ments.  Such  checks  have  been  done  when  values  of  the 
excited-state  absorption  cross  section  a s  are  avail¬ 
able,  such  as  for  alexandrite,11  ruby,32  GSGG,33  and  em¬ 
erald.34,35 

Recently,  the  results  of  FWM  measurements  on 
Nd3  + -doped  materials  has  been  analyzed  using  a  model 
based  on  an  effective  four-level  system.36  In  this  model, 
the  laser  beams  interact  with  ions  both  in  the  ground 
state  and  metastable  state.  The  transitions  from  the 
ground  and  metastable  states  to  higher-energy  states  is 
accounted  for  by  combining  the  upper  states  into  two 
effective  states.  A  density  matrix  formalism  yields  the 
change  in  the  real  and  imaginary  parts  of  the  nonlinear 
susceptibility  between  ions  in  the  peak  and  valley  of  a 
population  grating.  By  measuring  the  absolute  magni¬ 
tude  of  the  FWM  signal  in  a  variety  of  samples,  it  was 
concluded  that  the  dominant  contribution  to  the  signal 
comes  from  the  real  part  of  the  nonlinear  susceptibility 
associated  with  the  off  resonant,  allowed  transitions  to 
the  levels  of  different  configuration  in  the  ultraviolet 
spectral  region.  The  relative  values  of  An  and  Aa  ob¬ 
tained  in  this  work  are  consistent  with  the  proposed  mod¬ 
el.  In  this  case  the  weak  contribution  to  the  signal  associ¬ 
ated  with  the  imaginary  part  of  the  nonlinear  susceptibili¬ 
ty  comes  from  the  resonant  interaction  with  the  pump 
transition.  Recognizing  the  contributions  due  to  these 
two  different  types  of  transitions,  the  expressions  for  An 
and  Aa  will  be  the  same  for  the  two-level  and  four-level 
modes. 

It  is  important  to  note  that  the  procedure  for  using  the 
two-level  system  fit  to  the  crossing  angle  dependence  of 
the  FWM  scattering  efficiency  to  find  the  dephasing  time 
should  be  approached  with  caution.  This  approach  has 
been  justified  on  the  basis  that  values  found  for  Aa  are  in 
good  agreement  with  those  values  found  independently 
from  excited-state  absorption  measurements.  Equation 
(1 1)  shows  how  A  a  depends  on  the  fitting  parameter  D\; 
however,  the  computer  fit  to  (he  crossing  angle  depen¬ 
dence  of  the  FWM  scattering  efficiency  can  be  relatively 
insensitive  to  the  parameter  D\.  This  may  result  in  large 
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error  bars  for  A  a  and  thus  a  large  error  in  the  value 
determined  for  T2  which  is  dependent  on  A  a,  as  shown  in 
Eq.  (13). 

Accurate  confirmation  of  the  values  of  T2  determined 
by  these  FWM  measurements  must  come  from  a  direct 
measurement  of  the  dephasing  time.  Photon  echo  mea¬ 
surements  are  currently  being  made  on  these  Cr3  +  -doped 
materials  to  determine  T2. 
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IV  - 


NONLINEAR  OPTICAL  PROPERTIES 


OF  CRYSTALS  AND  GLASSES 

The  six  manuscripts  in  this  section  describe  the  results  of 
investigations  of  two  classes  of  nonlinear  optical  materials, 
rare  earth-doped  glasses  and  displacive  f erroelectrics .  The 
first  five  papers  focus  on  a  new  method  for  producing  laser- 
induced  holographic  gratings  in  glasses.  This  type  of  laser- 
induced  refractive  index  change  forms  the  basis  of  devices  for 
optical  technology  applications  such  as  demultiplexers,  filters, 
beam  deflectors,  and  optical  limiters.  This  method  developed 
involves  generating  a  significant  number  of  local  vibrational 
modes  by  radiationless  relaxation  of  the  resonantly  pumped  rare 
earth  ion.  These  local  vibrational  modes  provide  enough  energy 
to  cause  a  structural  change  in  the  glass  host  surrounding  the 
rare  earth  ion  and  this  changes  the  refractive  index.  The 
gratings  are  stable  at  room  temperature  and  can  be  erased 
thermally.  The  important  new  results  of  this  investigation 
include  characterizing  the  effects  of  both  alkali  and  alkaline 
earth  modifier  ions  on  the  efficiency  of  grating  formation, 
demonstrating  the  difference  between  Pr3  +  and  Eu3+  ions  in  the 
dynamics  of  grating  formation,  developing  a  two-level  system 
model  to  desdribe  the  local  structural  modification,  developing  a 
polarizability  change  model  to  explain  the  origin  of  the 
refractive  index  change,  and  demonstrating  the  device 
capabilities  of  these  materials  for  holographic  information 
storage,  demultiplexing,  and  amplitude  modulation  of  light 
signals.  The  fifth  manuscript  describes  the  radiative  and 
radiationless  relaxation  processes  that  take  place  in  EuJ  -doped 


fluoride  and  oxide  glasses  under  high-power,  picosecond-pulse 
excitation.  A  comparison  of  these  spectral  properties 
originating  from  excitation  into  highly  excited  states  of  the 
rare  earth  ion  is  useful  in  determining  the  best  host  glasses  for 
producing  holographic  gratings. 

The  final  manuscript  describes  a  comprehensive  investigation 
of  the  nonlinear  optical  properties  of  KNb03 .  This  is  a 
displacive  ferroelectric  crystal  that  can  be  used  for  frequency 
doubling,  photoref ractive  phase  conjugation,  and  other 
applications  related  to  its  electro-optic  properties.  Using 
continuous  wave  four-wave  mixing  and  two-beam  energy  transfer 
techniques  the  properties  of  charge  relocation  dynamics  resulting 
in  a  photoref ractive  effect  on  a  millisecond  time  scale  were 
determined.  The  effects  of  different  types  of  doping  ions  on 
these  photoref ractive  properties  were  measured.  In  addition,  the 
nonlinear  optical  response  of  the  material  to  picosecond  pulse 
excitation  was  investigated.  The  results  of  these  experiments 
revealed  laser-induced  absorptive  changes  on  time  scales  of  a 
nanosecond  and  an  ultrafast,  picosecond  response.  The  latter  can 
be  affected  by  contributions  from  several  physical  sources. 
However,  one  important  physical  processes  that  was  identified  is 

l 

stimulated  scattering  from  niobium  hopping  modes. 
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The  properties  of  permanent,  laser-induced  gratings  were  studied  in  EuJ+ -doped  glasses.  These 
gratings  are  associated  with  a  structural  modification  of  the  glass  host  in  the  local  environment  of 
the  Eu1+  ions,  and  we  have  investigated  the  effects  produced  by  altering  the  Eu1+  concentration  and 
by  changing  the  composition  of  the  glass  host.  A  two-level-system  model  is  developed  to  explain 
the  results. 


I.  INTRODUCTION 

We  have  previously  reported  the  observation  of  per¬ 
manent,  laser-induced  refractive-index  gratings  in  Eu3+- 
doped  glasses  using  four-wave-mixing  (FWM)  tech¬ 
niques.1- 3  These  gratings  were  established  using  crossed 
write  beams  in  resonance  with  the  7Fa-3D2  absorption 
transition  of  the  Eu3+  ion  and  displayed  buildup  times  of 
the  order  of  15  min.  The  grating  is  stable  at  room  tem¬ 
perature  but  can  be  erased  thermally  by  heating  the  .an; 
pie  to  temperatures  above  room  temperature  or  it  can  be 
erased  optically  with  a  single  beam  tuned  in  resonance 
with  the  7F0-5.D2  transition  of  the  Eu3+  ion.  No  grating 
formation  or  erasure  occurs  if  the  laser  beams  are  not  in 
resonance  with  the  7Fa-3D2  absorption  transition  of  the 
Eu3+  ion. 

A  model  was  proposed  to  explain  these  gratings  in 
which  the  network  former  and  network  modifier  ions  of 
the  glass  host  can  arrange  themselves  into  two  different 
configurations  in  the  local  environment  of  the  Eu3+  ion. 
This  leads  to  double-minimum  potential  wells  for  the 
Eu3+  electronic  energy  levels.  It  is  assumed  that  the  ma¬ 
terial  possesses  a  different  index  of  refraction  depending 
on  which  configuration  is  present.  When  the  Eu3+  ion 
relaxes  nonradiatively  from  the  3D2  level  to  the  SD0  level 
several  high-energy  “phonons”  are  created.  The  local 
heating  produced  by  the  vibrational  modes  can  produce  a 
change  in  the  structure  of*  the  local  environment  of  the 
Eu3+  ion  by  causing  the  ions  to  move  from  one  equilibri¬ 
um  configuration  to  the  other. 

In  this  paper  we  extend  our  previous  work  by  looking 
at  different  hosts,  altering  the  Eu3+  concentration,  and 
varying  tb™  network  modifier  ion  in  a  series  of  silicate 
glasses.  Firally,  the  details  of  the  two-level-system  model 
are  developed  to  provide  a  quantitative  explanation  of  the 
data. 

H.  KX»»ERIMFNTAI.  RESULTS  OF  SCATTERING 
EFFICIENCY  MEASUREMENTS 

A,  Effects  of  EuJ  *  concentration 

To  study  the  effect  of  the  EuJ  +  -ion  concentration  on 
the  permanent,  laser-induced  grating,  samples  were  ob¬ 
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tained  whose  compositions  varied  only  in  the  Eu3+  con¬ 
centration.  The  first  samples  investigated  were  two 
Eu3  +  -doped  metaphosphate  samples,  one  with  a  compo¬ 
sition  of  90  mol  %  La(P03)3  and  10  mol  %  Eu(P03)3,  and 
the  other  with  50  mol%  La(P03)3  and  50  mol  % 
Eu(P03)3.  These  are  labeled  MP10  and  MP50,  respec¬ 
tively. 

Permanent,  laser-induced  gratings  were  written  in  each 
sample  at  room  temperature  and  the  scattering  efficiency 
of  these  gratings  was  measured  using  a  HeNe  laser  for 
the  read  beam.  The  experimental  configuration  and  pro¬ 
cedures  used  were  the  same  as  those  reported  previously.1 
It  was  found  that  the  laser-induced  grating  signal  intensi¬ 
ty  of  the  MP50  sample  was  eight  times  stronger  than  that 
of  the  MP10  sample.  This  is  consistent  with  the  double¬ 
minimum  potential-well  model  discussed  below. 

One  other  set  of  samples  was  investigated  along  this 
line,  a  lithium  borate  glass,  LB  15,  with  a  composition  of 
75  mol  %  B203,  10  mol  %  Li20,  and  1 5  mol  %  Eu203.  It 
was  possible  to  establish  a  permanent,  laser-induced  grat¬ 
ing  in  this  sample  whereas  in  a  previously  investigated 
lithium  borate  sample,  LB1,  with  only  1  mol  %  Eu203  no 
grating  was  created. 

B.  Effects  of  modifier  ions 

To  study  the  effect  of  the  network  modifier  ions  of  the 
host  glass  on  the  ability  to  produce  gratings  with  high 
scattering  efficiencies,  five  silicate  glasses  were  obtained 
which  had  identical  compositions  except  for  one  modifier 
ion.  This  modifier  ion  was  changed  through  the  series  of 
alkali-metal  ions  Li,  Na,  K,  Rb,  and  Cs.  The  exact  com¬ 
positions  of  these  glasses  are  listed  in  Table  I. 

Permanent,  laser-induced  gratings  were  written  in  each 
of  the  five  samples  at  room  temperature  and  measure¬ 
ments  were  made  of  the  scattering  efficiencies  using  a 
HeNe  laser  for  the  read  beam.  The  effective  scattering 
efficiency,  which  is  defined  below,  was  found  to  decrease 
as  the  modifier  ion  was  changed  as  Li  —  Na-.K 
->Rb— *Cs  and  the  results  are  shown  in  Fig.  1  where  the 
experimental  values  of  the  effective  scattering  efficiency 
are  plotted  versus  the  mass  of  the  alkali-metal  modifier 
ion.  The  solid  line  represents  the  best  fit  to  the  data  using 
the  theoretical  treatment  discussed  in  Sec.  III. 
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TABLE  1.  Composition  of  silicate  glass  samples  investigated. 
(Notation  discussed  in  text.) 


Sample  com 

position  (mol%) 

Network 

Network 

Eu 

Sample 

former 

modifier 

content 

I.S5 

70  SiO; 

15  Li;0 

5  BaO 

5  ZnO 

5  Eu2Oj 

NS5 

70  SiOj 

15  NajO 

5  BaO 

5  ZnO 

5  EUjOj 

KS5 

70  SiOj 

15  K;0 

5  BaO 

5  ZnO 

5  EujOj 

RS5 

70  SiO, 

15  RbjO 

5  BaO 

5  ZnO 

5  EUjO; 

CSS 

70  SiO; 

15  Cs20 

5  BaO 

5  ZnO 

5  EujOj 

C.  Fluoride  glasses 

Along  with  t he  other  samples  investigated  a  new 
fluoride  glass  was  acquired,  CLAP5,  with  a  composition 
of  36. 1  tnol  %  PbF2,  26. 1  mol  %  CdF2,  27. 1  mol  %  AiFj, 
4.7  mol  %  LiF,  and  5.0  mol  %  EuF2.  No  permanent 
grating  was  observed  in  this  sample.  This  is  the  same  re¬ 
sult  as  obtained  previously  with  other  fluoride  glasses. 1,3 

The  lack  of  permanent  grating  formation  in  fluoride- 
glass  hosts  is  consistent  with  the  fact  that  Eu3  +  -doped 
fluoride  glasses  have  been  shown3  to  exhibit  a  significant 
amount  of  radiative  emission  from  the  sDy  levels  above 
5£>„.  This  results  in  fewer  ions  relaxing  nonradiatively 
from  the  'D2  and  SD,  levels  to  the  }D0  metastable  state 


leading  to  a  smaller  number  of  high-energy  “phonons" 
being  available.  Since  it  is  these  high-energy  local  mode 
vibrations  which  are  responsible  for  the  formation  of  a 
permanent,  laser-induced  grating,  no  grating  will  be  pro¬ 
duced  in  these  glasses. 

In  contrast,  it  was  found  that  in  a  fluorophosphate 
glass,  (FP,  Schott  FK-54),  with  5  mol  %  EuFj,  it  was  pos¬ 
sible  to  produce  a  permanent,  laser-induced  grating.  This 
implies  that  the  fluorophosphate  glass  contains  enough  of 
the  characteristics  of  the  phosphate  glasses  to  allow  for¬ 
mation  of  the  permanent  grating. 


D.  Temperature  dependence  of  scattering  efficiency 


The  temperature  dependence  of  the  laser-induced  grat¬ 
ing  signal  intensity  in  an  EP  sample  was  measured  at 
temperatures  above  room  temperature  and  the  results 
were  reported  previously.1  This  section  reports  the  re¬ 
sults  of  measurements  of  the  laser-induced  grating  signal 
intensity  at  temperatures  below  room  temperature.  To 
obtain  the  data  the  sample  was  mounted  in  a  cryogenic 
refrigerator  and  the  temperature  was  lowered  to  the 
desired  level.  Then  a  permanent  grating  was  written  and 
the  scattering  efficiency  measured.  This  procedure  was 
repeated  at  each  temperature  of  interest.  The  laser- 
induced  grating  signal  intensity  is  plotted  versus  tempera¬ 
ture  in  Fig.  2. 

As  can  be  seen  from  the  results,  the  trend  toward 
higher  laser-induced  grating  signal  intensities  continues 
at  lower  temperatures.  However,  there  is  a  change  in  the 
slope  between  high  and  low  temperatures.  The  solid  lines 
in  Fig.  2  describe  an  exponential  temperature  variation 
of  the  form 


/  =/0exp 


A 

kBT 


(1) 


where  A  is  the  activation  energy.  The  values  obtained  for 


FIG  I.  Scattering  efficiency  of  the  samples  listed  in  Table  l 
as  a  function  of  the  mass  of  the  alkali-metal  ion.  ■,  experimen¬ 
tal  points;  - ,  theoretical  points. 


FIG.  2.  Intensity  of  signal  beam  of  the  EP  sample  as  a  func¬ 
tion  of  temperature. 
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A  in  the  high-temperature  and  low-temperature  regions 
are  2219  and  189.6  cm’1,  respectively. 


HI.  THEORETICAL  MODEL 

In  the  double-minimum  potential-well  model  the  net¬ 
work  former  and  network  modifier  ions  of  the  glass  host 
can  arrange  themselves  in  two  possible  configurations  in 
the  local  environment  of  the  Eu3+  ion.  Thus  these  ions 
or  groups  of  these  ions  have  available  to  them  two  mutu¬ 
ally  accessible  equilibrium  positions  and  move  in  a  poten¬ 
tial  of  the  form  shown  in  Fig.  3.  In  this  model  it  is  as¬ 
sumed  that  the  index  of  refraction  depends  on  which 
configuration  is  present.  Thus  the  total  index  of  refrac¬ 
tion  of  the  material  will  be  of  the  form 


n—rtlNl  +  ntlNu  , 


(2) 


where  NI(1|,  is  the  population  of  well  I  (II)  and  n1(|,,  is 
the  index  of  refraction  per  ion  populating  the  well.  When 
the  laser  beam  is  turned  on  the  population  of  the  wells 
will  display  a  time  dependence  of  the  form 

dN{(t) 

— =  -p1^l(/)+pII  Nn(t),  (3) 


dNnU) 

— - — =P\Nl(t)-puNn{t)  , 


(4) 


where  p,  (m  is  the  jump  frequency  and  is  the  probability 
per  unit  time  that  the  ion  will  have  enough  energy  to 
jump  from  well  I  (II)  to  well  II  (I).  In  these  experiments 
the  system  is  allowed  to  reach  equilibrium  before  mea¬ 
surements  are  taken.  Thus  the  population  of  each  well 
can  be  taken  as  constant  and  Eqs.  (3)  and  (4)  give  the  ra¬ 
tio  of  the  populations  of  the  two  wells  as 

(V,(oo)  p„ 

— ! - =  L21  (5) 

iV„(»)  p,  ’ 


FIG.  3.  Model  iwo-level  system. 


where  pxll  is  given  by4 


Pt.it  vt,ttexP 


^i,n 

k„T 


(6) 


kB  is  Boltzmann’s  constant  and  v,  n  is  the  attack  frequen¬ 
cy  which  is  the  number  of  attempts  the  ion  makes  at  sur¬ 
mounting  the  barrier  of  height  £,  w.  Equations  (5)  and 
(6)  lead  to  the  thermal  equilibrium  condition 


A/|(  CO  )  V|| 


=  — exp 


(V„(co)  v. 


A, 

kBT 


(7) 


where  A?=£„— £j.  The  equations  derived  so  far  are 
completely  general  and  are  valid  for  single-beam  or 
crossed-beam  experiments. 

For  crossed  beams  the  intensity  of  the  laser-induced 
grating  signal  is  given  by3 


Ice  !«p-nu 


(8) 


where  np  and  rtu  refer  to  the  index  of  refraction  of  the 
peak  and  valley  regions  of  the  laser-induced  grating  with 

n/>  =  nlNlp(oo)  +  nllJVllp(oo)  ,  (9) 

nu=n,N ,„(  co  )  .  (10) 


The  p  and  u  subscripts  refer  to  the  peak  and  valley  re¬ 
gions  of  the  laser-induced  grating  whereas  the  I  and  II 
subscripts  refer  to  the  potential  well  occupied.  In  arriv¬ 
ing  at  Eq.  (10)  it  is  assumed  that  the  ions  in  the  valley  re¬ 
gion  of  the  grating  remain  in  well  I  for  all  times.  These 
equations  lead  to  the  following  expression  for  the  laser- 
induced  grating  signal  intensity: 

I  a  00  ,  (ID 


where  A/i|j_|  =/in  —  «|.  By  using  the  thermal  equilibri¬ 
um  condition  and  the  fact  that  the  total  population  of  the 
wells  must  remain  constant,  the  laser-induced  grating  sig¬ 
nal  intensity  can  be  written  as 


la 


Af|(0)|A/«n_| 


I  l  11 

1  H - exp 


-A. 


kBT 


(12) 


where  tV|(0)  is  defined  as  Ar,/,(0)  =  /V-Iu(0)  =  yV|(0t. 

This  model  can  be  used  to  interpret  the  observed 
changes  in  laser-induced  grating  signal  intensities.  For 
the  MP50  sample  and  the  MP10  sample  the  only 
difference  will  be  in  the  initial  population  of  configuration 
1.  The  ratio  of  the  laser-induced  grating  signal  intensities 
will  be  given  by 

■I  50 

-  CC 

'to 


N  |(0)5o 


AMO), 


(13) 


This  ratio  of  the  squares  of  the  initial  populations  was 
calculated  using  the  EuJ+  concentration  and  the  size  of 
the  peak  region  of  the  grating  and  was  found  to  be  56.33. 
This  number  is  larger  than  the  measured  ratio  of  eight, 
however,  taking  into  consideration  the  simplicity  of  the 
model  which  does  not  include  any  saturation  effects 
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which  have  been  seen  in  power  dependence  measure¬ 
ments,1  the  model  does  a  fairly  good  job  in  predicting  the 
relative  change  in  laser-induced  grating  signal  intensities 
with  a  change  in  Eu3+  concentration. 

This  model  can  also  be  used  to  explain  the  results 
shown  in  Fig.  1.  Since  the  only  component  of  these 
glasses  which  has  changed  is  the  alkali-metal  ion  and  it  is 
seen  that  the  effective  scattering  efficiency  varies  as  the 
mass  of  this  alkali-metal  ion,  this  alkali-metal  ion  can  be 
taken  as  the  ion  that  is  moving  to  provide  the  double- 
equilibrium  configuration  surrounding  the  EuJ+  ion.  In 
Eq.  (12),  jV,(0),  which  is  the  initial  population  of  well  I, 
will  depend  on  the  size  of  the  peak  or  valley  regions  of 
the  laser-induced  grating.  Therefore,  the  effective 
scattering  efficiency  is  defined  as 


1  lAn„_,|2 

; — “  1 - ; - 


iV2lO)  ~ 

.  ,  VII .. 

"A, 

2 

v< 

[  kaT 

(14) 


The  attack  frequency  v,  l(  is  proportional  to  the  mass  of 
the  ion  in  the  well  and  can  be  expressed  as 

A  1/2 
k  i.  n 

-’..it-  -  U5) 

where  A,  ,,  is  the  force  constant  of  well  I, II,  respectively, 
and  m  is  the  mass  of  the  ion  populating  the  well.  An„_, 
is  the  change  in  refractive  index  per  ion  and  is  treated  as 
an  adjustable  parameter.  The  term  At  which  is  the 
difference  in  the  minima  of  the  potential  wells  can  be  ex¬ 
pressed  more  specifically  using  the  mathematical  formal¬ 
ism  developed  to  describe  a  double-minimum  potential 
well.'’ 

Basis  states  | <5, )  and  l</>2)  are  chosen  which  are  ground 
stales  for  the  appropriate  single-well  potentials.  These 
basis  states  are  eigenstates  of  the  Hamiltonian  of  the  un¬ 
perturbed  system  A/„  with  eigenvalues  E ,  and  £2, 


n,M .>  =  £,!<*,>  , 

(16) 

n,Ml)*=E1 1*2>  . 

(17) 

i 


Upon  applying  a  perturbation  IF  which  couples  |<£,)  and 
the  Hamiltonian  matrix  will  become 


E,  +  <(6,|IF)(A|) 

iH)=  E2  +  (J,2\W\4,2)  •  (18) 

To  a  good  approximation  (,<f>i\H'\<pl)  «£,.  Defining  the 
zero  of  energy  to  be  midway  between  £,  and  E2  the 
Hamiltonian  matrix  will  become 

Ae  A0  1 


where  A0  is  defined  as 
Ao=2<*,|//|02>  . 


(20) 


A0/2  is  the  coupling  energy  and  is  the  difference  between 
the  two  lowest  symmetric  states.  The  solution  for  the 
coupling  energy  is  derived  in  a  number  of  quantum 
mechanics  text  books  and  is  given  by7 


A0=fou0exp 


-d 


2  mK0 
*2 


(21) 


where  Hcj0  is  an  energy  roughly  equal  to  the  zero-point 
energy  and  will  vary  as  l/t/in.  For  this  reason  we  can 
write 


k  i 

1/2 

2 mf0  ] 

1/2 

m  j 

exp 

—  d 

‘  i  . 

*2  i 

where  A  is  the  force  constant  for  the  initial  configuration. 
The  coupling  energy  can  be  related  to  the  asymmetry 

by8 


(23) 


where  9  is  a  measure  of  the  mixing  of  the  original  eigen¬ 
states  due  to  the  perturbation.  Combining  Eqs.  (22)  and 
(23)  gives 


A,  — 


tan# 


l  — 

1/2 

2m  V0 

1/2 

exp 

—  d 

j  m 

* 

(24) 


Inserting  this  into  Eq.  (14),  the  effective  scattering 
efficiency  becomes 


J 


Vr-IT  C 


lA/t„-,l2 


1  +  — 


exp 


kH  r  tan# 


J k_ 

m 


T7T 


exp 


-d 


2m  V0 


(25) 


Equation  (25)  was  fitted  to  the  experimental  values  of 
the  effective  scattering  efficiency  with  |A/t,,_,|2,  v, ,/»>,, 
fiCA  /A„rtan#,  and  d( 2K,,/fi2)l/2  treated  as  adjustable 


parameters.  The  best  fit  to  the  data  is  the  solid  line  plot 
ted  in  Fig.  1  where  the  following  values  were  found  for 
the  adjustable  parameters: 
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|A/i„_,|2  =  2.787X  10“37  , 


2^1 

vi 


=  1.329  , 


fc/k 


ka 

d 


T  land 


2.25X  10'ogl/2  , 

=  2.39X  10"g~l/2  . 


It  is  seen  that  as  an  ion  moves  from  one  potential  well 
to  the  other  the  index  of  refraction  changes  by 
5. 279  X  10“ 19.  The  number  of  ions  that  accumulate  in 
well  II  is  of  the  order  of  1  X  10IS.  This  gives  a  total 
change  in  the  index  of  refraction  of  5.279X  10-3.  This 
number  is  of  a  similar  order  of  magnitude  to  that  found 
in  other  experiments.9 

From  the  ratio  of  the  attack  frequencies  the  relation¬ 
ship  between  the  force  constants  of  the  individual  well 
can  be  found.  From  Eq.  (15)  it  is  seen  that 

III 

vi 

It  is  seen  that  the  force  constant  for  well  Hi  fc„,  is  1.329 
times  larger  than  that  for  well  I,  k{. 

It  is  also  possible  to  approximate  the  distance  between 
the  two  wells,  d,  using  the  last  parameter.  From  Fig.  3  it 
is  seen  that  F0  must  be  as  large  as  At/2.  Taking  V0  to 
range  from  3000  cm-1  for  LS5  to  45  cm'1  for  CS5  leads 
to  values  of  d  from  0.023  to  0.189  A,  respectively.  It 
should  be  remembered  that  this  model  has  considered 
only  the  alkali-metal  ion  to  be  the  source  of  the  double¬ 
minimum  potential  well.  There  are  realistically  many 
ions  involved  and  the  small  values  for  d  suggest  that  even 
though  individual  ions  may  move  over  large  distances, 
the  net  effect  on  the  configuration  coordinate  is  minimal 
in  moving  between  equilibrium  configurations. 

From  the  final  two  adjustable  parameters  it  is  possible 
to  calculate  A,  for  each  sample  using  Eq.  (24).  These 
values  are  listed  in  Table  II.  It  is  observed  that  as  the 
mass  of  the  network  modifier  ion  increases  there  is  a 
dramatic  change  in  the  asymmetry.  As  this  ion  becomes 
heavier  the  difference  in  the  minima  of  the  two  wells  be¬ 
comes  less,  implying|that  the  change  in  the  local  environ¬ 
ment  of  the  Eu3+  ion  becomes  less  pronounced  as  you  go 
as  Li— >Na— ►K— ►Rb— ►Cs.  It  has  been  reported  that  in 
binary  alkali  silicate  glasses  the  glass  becomes  more  or¬ 
dered  as  the  radius  of  the  alkali-metal  ion  increases.10 


(26) 


This  same  trend  would  be  expected  to  continue  in  these 
glasses  and  as  the  glass  becomes  more  ordered  there 
would  be  less  opportunity  for  multiple  configurations 
leading  to  a  smaller  asymmetry  between  the  two  potential 
wells. 

From  Eq.  (7)  and  the  fact  that  the  initial  population  of 
well  I  must  equal  the  final  population  of  well  I  and  well 
II,  it  is  possible  to  find  the  final  populations  of  the  two 
wells  for  each  sample.  These  populations  along  with  the 
ratio  of  the  final  population  of  well  II  to  the  initial  popu¬ 
lation  of  well  I  are  given  in  Table  II.  This  ratio  can  be  in¬ 
terpreted  as  the  relative  effectiveness  of  moving  an  ion  in¬ 
itially  in  well  I  to  well  II.  It  is  observed  that  in  LS5,  NS5, 
and  KS5  almost  100%  of  the  ions  are  driven  into  well  II. 
In  RS5  and  CS5  a  majority  will  end  up  in  well  II,  howev¬ 
er,  it  is  a  much  smaller  number  than  in  the  first  three.  In 
the  heavier  alkali-metal  glasses  it  is  harder  to  trap  the 
ions  in  well  II,  implying  the  change  in  local  environment 
of  the  Eu3+  ions  is  less  than  in  the  lighter  alkali-metal 
glasses. 

The  inability  to  produce  a  laser-induced  grating  in 
fluoride  glasses  is  also  consistent  with  the  double¬ 
minimum  potential-well  model  which  requires  the  pres¬ 
ence  of  high-energy  “phonons”  to  enable  the  ions  to  sur¬ 
mount  the  barrier  and  hop  from  well  I  to  well  II.  With 
the  absence  of  the  high-energy  local  mode  vibrations  pro¬ 
duced  by  radiationless  relaxation  of  the  Eu31-  ions  the 
ions  remain  trapped  in  well  I  and  no  grating  will  be  pro 
duced. 

Finally,  the  temperature  variation  of  the  laser-induced 
grating  signal  intensity  can  be  explained  using  the  same 
model.  Solving  Eq.  (7)  for  Nllp(oo)  and  substituting 
directly  into  Eq.  (11)  leads  to  the  following  equation  for 
the  laser-induced  grating  signal  intensity: 


[  a  N] (  oo  )A n  J|_, 


21 

2 

2A, 

vu 

exp 

kaT 

(27) 


Thus  the  measured  activation  energy  is  half  the  asym¬ 
metry.  From  Sec.  II  D  the  activation  energy  was  mea¬ 
sured  to  be  2219  cm-1  leading  to  an  asymmetry  of  1 109.5 
cm-1  for  the  high-temperature  case.  Even  though  this 
glass  is  different  than  the  silicate  glasses  discussed  above 
it  is  seen  that  the  asymmetry  is  of  the  same  order.  The 
low-temperature  activation  energy  was  found  to  be  189.6 
cm-1,  giving  an  asymmetry  of  94.8  cm'  ‘.  This  suggests 
that  as  the  temperature  is  lowered  the  minima  of  the  two 
wells  approach  each  other  implying  that  the  difference  in 
energy  of  the  ions  in  each  well  at  low  temperature  is  not 


TABLE  II.  Summary  of  parameters. 


Sample 

A,  (cm'1) 

(V,(0) 

N |(  00  ) 

,V|,(  00  1 

N i,(  oo  1 

iVjTo  i 

LS5 

6068.38 

1.041  X  10"“ 

0 

1.041  X  10“ 

1.00 

NS5 

1714.43 

1.809X  10“ 

I.OX  10IJ 

1.808  X  10“ 

0.999 

KS5 

838.61 

0.815X  10“ 

1.81  X  10“ 

7.969  X  10“ 

0  978 

RS5 

225.84 

0.718X  10“ 

2.21  X  10“ 

4  972  X  I015 

0  692 

CS5 

89.69 

0.442  X  10“ 

2.04  X  I015 

2.376  X  It)15 

0.538 
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as  great  as  at  high  temperature.  This  leads  to  the  con¬ 
clusion  that  at  low  temperature  the  local  structure 
around  each  EuJ  1  ion  is  close  to  the  same  in  each 
configuration.  This  seems  to  be  reasonable  since  at  low 
temperature  you  would  expect  the  structure  to  resist 
changes  to  a  new  configuration  whereas  at  high  tempera¬ 
tures  the  changes  are  more  likely. 

IV.  DISCUSSION  AND  CONCLUSIONS 

The  double-minimum  potential-well  model  used  to  de¬ 
scribe  the  formation  of  the  permanent,  laser-induced 
grating  agrees  well  with  experimental  results.  It  also  pro¬ 
vides  some  insight  into  the  physical  processes  involved  in 
the  formation  and  erasure  of  these  gratings.  However, 
caution  must  be  used  in  the  interpretation  of  the  physical 
parameters  since  a  simple  model  is  being  used  to  describe 
a  complex  and  poorly  understood  physical  system. 

The  Eu)f  ions  play  a  major  role  by  providing  the 
high-energy  local  mode  phonons  required  to  produce  a 
structural  modification  of  the  glass  host.  The  strength  of 
the  grating  which  can  be  produced  is  proportional  to  the 
concentration  of  Eu3f  ions,  however,  at  high  EuJ+  con¬ 
centrations  saturation  elTects  occur. 

The  structure  of  the  glass  host  in  the  local  environment 
of  the  Eu'  *  ions  is  also  important  to  the  formation  of  the 
grating.  By  changing  one  of  the  network  modifier  ions, 
variations  in  the  laser-induced  grating  signal  intensity 
can  be  produced. 

As  a  simple  model  consider  the  glass  to  consist  of  point 
masses  connected  by  springs.  These  point  masses  have 
available  to  them  two  equilibrium  configurations  which 
result  from  a  change  in  position  or  a  change  in  the  force 
constants  of  the  springs  to  which  they  are  attached.  In¬ 
dependent  measurements  have  shown  the  elastic  con¬ 
stants  of  1  he  glasses  to  decrease  from  LS5  to  CS5.U  This 
implies  that  the  two  equilibrium  configurations  wiil  be 
more  stable  in  the  lighter  alkali-metal  glasses  than  in  the 
heavier  ones.  This  will  result  in  a  larger  value  of 


N ||(  co)/jV|(0)  in  the  lighter  alkali-metal  glasses  than  in 
the  heavier  alkali-metal  glassts  and  is  what  is  observed  in 
Table  II. 

Stronger  elastic  constants  also  suggest  there  will  be  less 
displacement  of  the  ions  in  the  lighter  alkali-metal 
glasses.  This  is  exactly  what  was  calculated  in  Sec.  Ill 
where  it  was  found  that  d  ranged  from  0.023  A  for  LS5  to 
0.189  A  for  CSS.  Also  in  Sec.  Ill  it  was  discovered  that 
the  ratio  of  /c„  to  k ,  was  1.329.  Since  k,  decreases  from 
LS5  to  CS5,  A  A:  =kll  —  kl  will  also  decrease  from  the 
lighter  to  the  heavier  alkali-metal-ion  glasses.  This  sug¬ 
gests  that  A,  should  be  largest  in  LS5  and  decrease  to  its 
smallest  value  in  CS5.  However,  the  actual  physical  dis¬ 
placement  of  the  ions  increases  from  LS5  to  CS5  and  sug¬ 
gests  A,  should  increase  from  LS5  to  CS5.  In  order  to 
form  a  permanent,  laser-induced  grating  whose  signal  in¬ 
tensity  decreases  for  LS5  to  CS5  as  seen  in  Fig.  1,  A, 
must  decrease  from  LS5  to  CS5.  Therefore,  the  change  in 
force  constants  must  dominate  over  the  change  in  posi¬ 
tion. 

Measurements  of  the  temperature  dependence  of  the 
laser-induced  grating  signal  intensity  provides  a  direct 
means  of  obtaining  the  asymmetry  and  verifying  the 
two-level-system  model.  For  the  glasses  investigated  in 
this  paper  the  asymmetries,  as  found  by  the  two  methods, 
were  of  the  same  order  of  magnitude.  Lowering  the  sam¬ 
ple  temperature  results  in  a  decrease  in  the  asymmetry 
suggesting  that  as  the  temperature  decreases  the  glasses 
begin  to  resist  changes  to  their  structure.  ■ ,  ^ ,. , 

All  of  the  above  results  are  important 'when  consider¬ 
ing  these  glasses  for  potential  .  optical,  devices.  Even 
though  much  more  is  understood  concerning  the  forma¬ 
tion  of  the  grating,  the  exact  structure  of  the  glass  host  is 
still  unclear.  Knowledge  of  this  structure  will  lead  to  a 
better  understanding  of  the  processes  involved. 

ACKNOWLEDGM  ENTS 

This  research  was  supported  by  the  U.S.  Army 
Research  Office. 


’Permanent  address;  S.A.  Laser  Application  Induslrielle  et 
CommereiuJc,  Recherclics  et  Systems,  Z.I.  Sainte  Elisabeth, 
Montccau  713(H),  France. 

*F  M  Durville,  E.  G.  Behrens,  and  R.  C.  Powell,  Phys.  Rev.  B 

34,  421'  (1986);  E.  G.  Behrens,  F.  M.  Durville,  and  R.  C. 
Powell.  Opt  Lett  11,  653  (1986). 

JR  C  Powell,  F  M.  Durville,  E.  G.  Behrens,  and  G.  S.  Dixon, 
1  Lumm.  40-41,  68  (1988) 

!F  M  Durville,  E.  G.  Behrens,  and  R.  C.  Powell,  Phys.  Rev.  B 

35,  4109  119871. 

■*C  Kittel,  in  introduction  to  Solid  State  Physics  (Wiley,  New 
York,  1976). 


5H.  Kogelnik,  Bell  Syst.  Tech.  3.  48,  2909  (1969). 

6W.  A.  Phillips,  in  Amorphous  Solids.  Low  Temperature  Proper¬ 
ties,  Vol.  24  of  Topics  in  Current  Physics,  edited  by  W.  A. 
Phillips  (Spnnger-Verlag,  Berlin,  1981),  p.  1. 

7D.  Park,  in  Introduction  to  the  Quantum  Theory  (McGraw- 
Hill,  New  York,  1964),  p.  100. 

SW.  A.  Phillips,  J.  Low- Temp.  Phys.  4,  351  (1972). 

9F.  M.  Durville  and  R.  C.  Powell,  J.  Opt.  Soc.  Am.  Ser.  B  7, 
1934(1987). 

I0S.  A.  Brawer  and  W  B.  White,  J.  Chem.  Phys.  63,  2421  (1975), 
S.  Brawer,  Phys.  Rev.  B  11,  3173  (1975). 

"I.  P.  Wicksted  and  G.  W.  Gangwere  (private  communication). 


Reprinted  from  Journal  of  the  Optical  Society  of  America  If 


Characteristics  of  laser-induced  gratings  in  Pr3+-  and 
Eu3+-doped  silicate  glasses 


Edward  G.  Behrens  and  Richard  C.  Powell 

Canter  for  Laser  Research,  Oklahoma  Slate  University,  Stillwater,  Oklahoinu  74078 

Douglas  H.  Blackburn 

National  Institute  of  Standards  and  Technology,  Gaithersburg,  Maryland  20809 


Received  October  18,  1989;  accepted  February  23,  1990 

Four-wave  mixing  techniques  are  used  to  produce  laser-induced  gratings  in  Pr3’ -doped  silicate  glasses  for  the 
first  time  to  our  knowledge.  The  characteristics  of  the  laser-induced  grating  are  investigated  and  compared 
with  those  found  in  Eu3’-doped  silicate  glasses.  An  attempt  to  form  a  laser-induced  grating  in  an  Er3,-doped 
silicate  glass  was  made.  Under  excitation  conditions  similar  to  those  in  previous  experiments,  no  laser-induced 
grating  could  be  produced.  Differences  between  the  samples  are  discussed  in  terms  of  high-energy  phonons, 
which  are  emitted  when  the  rare-earth  ion  relaxes  nonradiativeiy.  Temperature  dependences  of  the  laser-in¬ 
duced  grating  signal  intensity  are  investigated  in  Eu3’-doped  silicate  glasses,  and  the  results  are  compared 
with  theoretical  predictions. 


1.  INTRODUCTION 

Recently  we  employed  four-wave  mixing  techniques  to 
produce  superimposed  permanent  and  tra  sient  laser- 
induced  gratings  (LIG’s)  in  a  variety  of  Eu3’-doped 
glasses.1  Laser-induced  holographic  gratings  of  this  type 
are  of  significant  interest  to  technologies  such  as  optical 
data  processing,  medical  imaging,  and  fiber-optic  commu¬ 
nication,  for  which  holographic  information  storage  and 
retrieval  are  important.  The  glasses  used  to  write  LIG’s 
in  these  experiments  are  common  silicate  and  phosphate 
glasses.  So  far  we  have  attempted  to  write  LIG's  in  Eu3*- 
and  Nd3*-doped  glasses,  with  success  being  achieved 
only  in  Eu3’-doped  samples. 

In  this  paper  we  report  the  results  obtained  from  at¬ 
tempts  to  write  LIG’s  in  Pr3'-  and  Er3t-doped  silicate 
glasses  and  extend  our  previous  research  on  Eu3’-doped 
silicate  glasses  to  include  measurements  of  the  energies  of 
grating  formation.  Grating  formation  was  accomplished 
in  the  Pr3’  silicate  glass,  and  various  properties  of  the 
LIG  in  this  sample  are  presented.  No  permanent  grat¬ 
ings  were  observed  in  the  Er3*-doped  sample. 

The  experimental  configuration  used  to  produce  LIG’s 
and  measure  their  properties  was  described  previously.2 
The  output  from  a  Spectra-Physics  cw  argon-ion  laser  is 
tuned  to  resonance  with  a  preselected  absorption  transi¬ 
tion  of  the  rare-earth  ion.  The  values  of  the  argon-ion 
laser  wavelengths  used  in  these  experiments  are  -188.0  nm 
for  the  Pr3'-  and  Er 3 ’-doped  samples  and  465.8  nm  for  the 
Eu3’ -doped  sample.  This  laser  beam  is  split  into  two 
write  beams,  which  are  focused  to  a  500-p.m  beam  waist 
and  crossed  inside  the  sample.  The  path  lengths  of  the 
two  write  beams  are  maintained  equal  to  within  the  coher¬ 
ence  length  of  the  laser  In  the  region  in  which  the  write 
beams  overlap,  a  sinusoidal  interference  pattern  is  created. 
The  interference  pattern  from  the  crossed  write  beams 


creates  a  change  in  the  optical  properties  of  the  sample 
with  the  same  shape.  This  is  the  LIG  whose  wavelength, 
A,  depends  on  the  write-beam  wavelength,  Aw,  and  oil  the 
write-beam  crossing  angle,  28,  through  the  condition 

A  =  nAw/2  sin  28.  (1) 

The  LIG  is  probed  by  a  third  beam  with  wavelength  A,, 
which  scatters  off  the  grating.  In  these  experiments  a 
He-Ne  laser  is  used  as  a  probe  beam.  The  maximum 
scattered  signal  beam  is  obtained  at  the  llragg  condition 
for  the  incident  probe  beam; 

n A j,  =  2A  sin  d>,  i2) 

where  lt>  is  the  Bragg  angle  A  mirror  is  used  to  pick  off 
the  signal  beam  and  direct  it  through  a  cut-off  filter  to 
eliminate  sample  fluorescence.  A  photomultiplier  tube  is 
then  used  to  detect  the  signal  and  the  output  processed 
by  a  PAR-EG&G  boxcar  averager,  and  a  hard  copy  is 
recorded.  To  separate  the  permanent  and  the  transient 
portions  of  the  LIG  a  chopper  is  inserted  between  the 
write  beams  and  the  sample.  When  the  write  beams  are 
chopped  off,  the  permanent  portion  of  the  LIG  is  the  only 
signal  visible.  When  the  write  beams  are  on,  the  visible 
signal  consists  of  a  superposition  of  the  permanent  and 
transient  portions  of  the  LIG  signal.  Thus  the  permanent 
and  transient  portions  of  the  LIG  signal  can  be  separated 
and  measured.  For  measurements  of  the  erase  time  of  the 
permanent  LIG  a  single  beam,  tuned  to  the  same  absorp¬ 
tion  transition  as  used  to  write  the  grating,  illuminates 
the  grating  region.  Owing  to  the  length  of  the  erase  tune 
the  output  from  the  photomultiplier  tube  is  sent  directly 
to  a  strip-chart  recorder.  To  measure  the  temperature 
dependence  of  the  permanent  LIG  the  sample  is  mounted 
in  a  resistance-heated  furnace  that  can  control  the  tem¬ 
perature  between  300  and  775  K 
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2.  EXPERIMENTAL  RESULTS 

Permanent  changes  in  the  refractive  index  of  a  material 
can  he  induced  by  lasers  as  a  result  of  several  physical 
processes.  I  lowever,  most  of  these  processes  are  not  con¬ 
sistent  with  the  experimental  observations  reported  pre¬ 
viously.  For  example,  the  photoionization  of  defects  can 
cause  a  change  in  the  refractive  index. 3iS  However,  the 
energy-level  scheme  for  Eu3‘  in  these  glass  hosts  is  not 
compatible  with  an  ionization  transition  ut  the  loser  wave¬ 
length  and  powers  used  in  these  experiments.  Also,  no 
spectral  evidence  was  observed  for  the  presence  of  Eu  ions 
in  valence  slates  other  than  trivalent.  In  addition,  the 
fact  that  optical  erasure  occurs  only  when  Eu3*  ions  are 
resonantly  excited  is  not  consistent  with  the  photoioniza¬ 
tion  mechanism. 

Thermal  processes  can  directly  produce  refractive- 
index  changes  and  laser-induced  stress-optic  changes. 
Among  these  changes  are  permanent  effects  that  have 
been  seen  in  rare-earth-doped  glasses.”7  However,  these 
effects  occur  at  higher  laser  powers  than  those  used  in  our 
experiments.  For  the  laser  powers  used  in  these  experi¬ 
ments,  the  thermal  properties  of  the  glass  hosts  produce  a 
rise  in  the  temperature  of  the  sample  of  only  a  few  de¬ 
grees,  which  is  too  small  to  give  a  measurable  effect. 

The  mechanism  that  is  consistent  with  the  observed  re¬ 
sults  is  a  change  in  the  local  structure  of  the  glass  caused 
by  the  vibrational  energy  released  during  the  radiation¬ 
less  relaxation  of  the  rare-earth  ions.  The  radiationless 
relaxation  transitions  of  rare-earth  ions  in  glasses  have 
been  shown  to  be  multiphonon  emission  processes,  each  of 
which  generates  several  high-energy  phonons  of  the  order 
of  1000  cm'1.8  Here  the  term  “phonon”  is  used  to  refer  to 
ony  vibrational  mode  of  the  host  material.  Figure  1  dis¬ 
plays  the  relevant  energy  levels  of  several  trivalent  rare- 
earth  ions.  Since  these  phonons  are  generated  by  the 
rare-earth  ions  and  the  thermal  diffusion  in  glasses  is 
slow,  they  remain  localized,  thus  creating  a  high  level  of 
nonthermalized  vibrational  energy  around  each  ion.  This 
can  produce  a  local  effective  temperature  that  is  ex¬ 
tremely  high,  depending  on  the  energy  gap  that  is  being 
crossed  in  the  relaxation  process.  For  the  excitation  con¬ 
ditions  in  the  Eu3*-doped-glass  experiments,  effective 
local  temperatures  of  several  thousand  kelvins  can  be  pro¬ 
duced.  This  is  easily  hot  enough  to  permit  ionic  motion 
over  rd’ort  ranges  and  thus  produce  a  local  structural  modi¬ 
fication  of  the  host  glass.  The  energy  associated  with 
this  local  temperature  rise'  is  consistent  with  the  mea¬ 
sured  octivation  energies  for  the  formation  and  erasure  of 
permanent  gratings.  In  addition,  the  time  scale  of  sev¬ 
eral  minutes  for  grating  formation  and  erasure  is  consis¬ 
tent  with  the  time  scale  for  producing  structural  changes. 

The  rare-earth  ion  plays  a  key  role  in  the  formation  and 
erasure  of  permanent  LIG's  in  these  glasses  since  these 
ions  are  the  source  of  the  high-energy  phonons.  To  study 
this  role  we  conducted  experiments  on  silicate-glass  sam¬ 
ples  doped  with  Pr3*,  Er3*,  and  Eu3*. 

A.  I.IG  Characteristics  in  Pr3*-Doped  Glass 

The  characteristics  of  the  LIG  in  the  Pr3*  silicate  glass 
(70  Si02,  15  Na20,  5  ZnO,  5  DaO,  and  5  Pr203  in  units  of 
mol.  %)  were  investigated  as  functions  of  the  laser  power 
and  write-benin  crossing  angle.  The  same  qualitative  be- 
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Fig.  1.  Partial  energy-level  diagram  for  several  trivalent  rare- 
earth  ions. 


havior  was  observed  in  the  Pr3*-doped  sample  as  was  seen 
in  the  Eu3*-doped  glasses.1,2  When  the  Pr3*-doped  sam¬ 
ple  was  illuminated  by  the  crossed  write  beams  tuned  to 
resonance  with  the  3/L-3P0  absorption  transition,  a  small 
signal  was  observed  immediately.  This  was  followed  by  a 
gradual  buildup  of  signal  intensity.  The  time  required  to 
reach  the  maximum  LIG  signal  intensity  is  of  the  order  of 
tens  of  seconds,  with  the  exact  time  depending  on  the 
laser  power.  If  the  laser  write  beams  are  not  tuned  in 
resonance  with  the  3/L-3Po  absorption  transition,  no  sig¬ 
nal  is  observed.  When  the  write  beams  are  blocked,  the 
LIG  signal  intensity  rapidly  decreases.  However,  it  de¬ 
creases  not  back  to  the  baseline  but  rather  to  a  value  of 
approximately  90%  of  the  maximum  LIG  signal,  where  it 
remains  indefinitely.  The  remaining  portion  is  referred 
to  as  the  permanent  signal  and  can  be  erased  by  illumi¬ 
nating  the  grating  with  a  single  laser  beam  tuned  to  reso¬ 
nance  with  the  same  Pr3*  absorption  transition  used  to 
write  the  grating.  It  should  be  noted  that  no  erasure 
occurs  if  the  single  beam  is  not  tuned  to  the  3/L-3Po  ab¬ 
sorption  transition.  The  erase  time  is  of  the  order  of  tens 
of  seconds,  with  the  exact  lime  depending  on  laser  power. 
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This  permanent  signal  can  also  be  erased  thermally.  The 
important  thing  to  note  is  that  the  build-up  and  erase 
times  in  the  Pr3,-doped  glass  are  all  of  the  order  of  sec¬ 
onds,  whereas  in  the  Eu3’ -doped  glass  these  time  scales 
were  of  the  order  of  tens  of  minutes. 

The  lifetime  of  the  transient  part  of  the  LIG  was  mea¬ 
sured  to  be  200  fisec,  which  is  approximately  the  same  as 
the  fluorescence  lifetime  of  the  '£>2  level  of  the  Pr3*  ion, 
which  was  measured  to  be  194  ^isec.  For  a  population 
grating  the  signal  intensity  is  proportional  to  the  square 
of  the  modulation  of  the  index  of  refraction,9  A n: 

Is  =  I  n\2.  (3) 

A/i  will  decay  with  the  decay  of  the  excited-state  popu¬ 
lation,  leading  to  a  time  dependence  of  the  signal  inten¬ 
sity  of 

Is(t)  =  l0  exp(-2t/Tf),  (4) 

where  iy  is  the  fluorescence  lifetime.  Thus  the  grating 
decays  with  a  lifetime  of  half  of  the  fluorescence  lifetime 
However,  in  these  samples  there  is  an  interference  effect 
between  the  permanent  and  transient  LIG’s  that  leads  to 
a  signal  intensity  given  by  u 

Is  =  |A/it|3  exp  -  (2//r)  +  2|Anr|  |A/ip|  exp  -  (t/r) 

+  |An/>| 2,  (5) 

where  A «r  and  An?  are  the  changes  in  the  index  of  refrac¬ 
tion  due  to  the  transient  and  permanent  gratings,  respec¬ 
tively,  and  1/t  is  the  fluorescence  decay  rate.  The  first 
term  is  much  smaller  than  the  last  two  and  can  be  ne¬ 
glected.  Thus  the  lifetime  of  the  transient  grating  will  be 
equal  to  the  fluorescence  lifetime  of  the  excited  state  re¬ 
sponsible  for  the  population  grating.  Therefore  the  tran¬ 
sient  grating  is  associated  with  an  excited-state  population 
grating  that  is  due  to  the  difference  in  susceptibility  of  the 
ions  in  the  iH,  ground  state  and  the  'D2  metastable  state. 

Figure  2  displays  the  normalized  intensities  of  the  per¬ 
manent  and  transient  LIG  signals  as  a  function  of  the  total 
write-beam  crossing  angle,  20.  It  is  seen  that  both  the 
transient  and  permanent  signals  have  the  strongest  inten¬ 
sity  at  the  smallest  write-beam  crossing  angle,  which  cor¬ 
responds  to  the  largest  value  of  grating  spacing.  As  the 
write-beam  crossing  angle  is  increased,  and  the  grating 
spacing  decreases,  the  intensities  of  both  the  permanent 
and  the  transient  signals  decrease.  This  is  typical  behav¬ 
ior  for  FWM  signals,  witl^  the  exact  form  depending  on  the 
coupling  mechanism  for  the  beams.10 

The  LIG  signal  intensity,  build-up  times,  and  erase  times 
were  also  measured  for  different  values  of  the  total  power 
of  the  laser  write  beams.  The  absolute  value  of  the  scat¬ 
tering  efficiency,  which  is  defined  as 

V  =  Ps/Pr,  (6) 

where  Ps  is  the  power  of  the  signal  beam  and  P?  is  the 
power  of  the  probe  beam,  was  measured  to  be  1.33  x  10"4. 
This  is  of  similar  magnitude  to  values  consistently  found 
in  Eu3*-doped  samples. 

Figure  3  shows  the  normalized  intensity  of  the  perma¬ 
nent  and  ansient  signals  as  a  function  of  the  laser  power. 
As  in  the  case  of  the  Eu3* -doped  samples  the  transient 
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Fig.  2.  LIG  signal  intenaity  as  a  function  of  write-beam  crossing 
angle  20  in  the  Pr3'  sample. 


Write  Beam  Power  (ml) 

Fig.  3.  LIG  signal  intensity  as  a  function  of  the  tolul  luser  write- 
beam  power  in  the  PrJ*  sample.  The  solid  and  dashed  lines  ure 
discussed  in  the  text. 


signal  intensity  varies  linearly  with  laser  power  through¬ 
out  the  range  of  write-beam  powers  available  in  these  ex¬ 
periments.  The  permanent  signal  displays  nonlinear 
behavior  up  to  approximately  200  mW,  where  saturation 
occurs.  Equation  (5)  predicts  the  power  dependence  of 
the  LIG  signal  intensity.  Since  AnT  and  A np  depend  on 
the  difference  in  population  between  the  ground  and  ex¬ 
cited  states,  they  will  vary  linearly  with  laser  power.  The 
permanent  part  of  the  LIG  signal  intensity,  which  is  pro¬ 
portional  to  |A/if>|3,  is  predicted  to  display  a  quadratic 
power  dependence.  This  is  demonstrated  by  the  solid 
curve  in  Fig.  3,  where  the  expression  ax 3  was  fitted  to  the 
data  below  200  mW  Above  200  mW  saturation  of  the  LIG 
occurs,  which  is  represented  by  the  solid  horizontal  line. 
Since  A nT  «  A nP,  txnr  can  be  neglected  in  the  middle 
term  of  Eq.  (5),  leaving  a  transient  LIG  signal  intensity 
proportional  to  A nP  and  displaying  a  linear  type  behavior 
as  observed.  The  dashed  line  represents  a  linear-regres¬ 
sion  fit  to  the  transient  grating  values. 

The  measurements  of  the  transient  and  permanent  sig¬ 
nal  intensities  took  place  after  the  permanent  signai  hud 
reached  its  maximum  value.  Thus  the  variation  of  the 
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transient  grating  signal  intensity  is  measured  in  the  pres¬ 
ence  of  a  strong  permanent  grating.  The  observed  satu¬ 
ration  in  the  permanent  signal  shows  that  there  is  a  limit 
to  the  structural  modification  of  the  glass. 

The  build-up  and  erase  times  of  the  permanent  grating 
as  a  function  of  laser  write-beam  power  are  displayed  in 
Fig.  4.  It  is  seen  that  as  the  laser  power  is  increased  both 
the  erase  time  and  the  build-up  time  decrease.  The  erase 
time  decreases  linearly  as  the  laser  power  is  increased, 
but  the  build  up  time  decreases  almost  exponentially  with 
increasing  laser  power.  The  general  trend  in  both  cases 
of  decreasing  times  with  increasing  power  is  consistent 
with  the  model  proposed  previously  and  is  discussed  fur¬ 
ther  below 

The  final  measurement  performed  on  the  Pr3*  sample 
was  of  the  effect  of  termperature  on  the  formation  of  the 
permanent  LIG.  The  sample  was  placed  in  a  resistance- 
heated  furnace  and  the  temperature  increased  to  the  de¬ 
sired  level  A  I, Hi  was  then  written  and  the  scattering 
intensity  of  the  permanent  portion  measured.  This  pro¬ 
cedure  was  repeated  as  the  temperature  was  increased 
from  300  to  approximately  (500  K.  Figure  5  shows  the 
results  of  these  measurements  These  results  display  a 
behavior  that  is  nonexponential.  There  seems  to  be  an 
inflection  at.  approximately  415  K.  Fitting  the  regions 
above  and  below  415  K  separately  with  single  exponential 
i>(|tiations  leads  to  the  solid  lines  displayed  in  Fig.  5.  The 
activation  energies  measured  for  the  high-  and  low- 
temperature  regions  are  2.825  x  10'1  and  9.28  x  102  cm'1, 
respect  ively.  This  behavior  is  also  seen  in  the  Eu3*-doped 
glasses  and  is  discussed  in  more  detail  below. 

II.  Fluorescence  Characteristics  of  Pr3*-  and 
hr11  -Doped  Classes 

To  characterize  the  relaxation  process  of  the  Pr3*  and 
Er1*  ions,  which  is  important  to  the  formation  or  lack  of 
formation  of  the  CIO,  fluorescence  spectra  were  measured. 
To  form  the  permanent  LIG  in  the  Pr3*-doped  glass  sam¬ 
ple  the  Pr3*  ion  is  excited  from  the  3Ht  ground  state  to  the 
’Pi  excited  state  Figure  6  shows  the  room-temperature 
fluorescence  of  the  Pr3* -doped  glass.  The  fluorescence 
spectrum  displays  peaks  at  540,  620,  645,  715,  and 
735  mu,  which  correspond  to  radiative  transitions  from 
the  ’/’n  state  to  the  'H-,,  3//«,  3F2,  3F2,  and  3F(  states,  respec¬ 
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Fig.  5.  Temperature  dependence  of  LIG  scattering  intensity  for 
PrJ*-doped  silicate  glass.  The  solid  lines  are  discussed  in 
the  text. 


500.0  600  0  700.0  600  0 

Wavelength  (nm) 

Fig  6.  Room-temperature  fluorescence  of  the  Pr3*-doped  glass 
sample  after  excitation  into  the  3P0  excited  state. 


tively.  These  levels  then  relax  nonradiatively  to  the 
ground  state.  There  is  also  a  peak  at  690  nm,  which  cor¬ 
responds  to  the  ‘D2-3ff5  transition.  A  transition  from  'D2 
to  3H,  should  also  be  present  at  605  nm;  however,  in  this 
case  it  is  buried  in  the  shoulder  of  the  3P0-3H6  transition. 
The  nonradiative  relaxation  occurring  in  this  sample  pro¬ 
duces  phonons  with  energies  of  the  order  of  1000  cm"1  and 
will  produce  the  structural  modification  needed  to  form 
the  permanent  LIG.  The  same  type  of  relaxation  behav¬ 
ior  is  observed  in  Eu3‘-doped  glasses,  which  produce  per¬ 
manent  LIG's. 

In  the  case  of  a  Nd3*-doped  glass  sample  (NdP5On)  the 
Nd3*  ion  is  excited  from  the  4/9/2  ground  state  to  the  4G9/2 
excited  state.  Relaxation  occurs  through  the  emission  of 
phonons:  however,  in  the  Nd3*  ion  the  energy  levels  are 
much  closer  than  in  the  Eu3*  or  Pr3’  ions.  Thus,  when 
the  Nd3*  ion  relaxes,  the  phonons  emitted  are  of  much 
lower  energy  than  those  from  Eu3*  or  Pr3*,  and  as  a  result 
no  permanent  LIG  i9  formed. 

The  silicate  glass  doped  with  Er3*  (70  Si02,  15  Na20, 
5  ZnO,  5  BaO,  and  5  Er202  in  units  of  mol.  %)  is  an  inter¬ 
esting  case.  From  Fig.  1  it  is  seen  that  overall  the  spacing 
between  the  energy  levels  is  much  greater  than  in  Nd1* 
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but  not  quite  so  large  as  in  Eu34  or  Pr34.  Write-beam 
wuvelengths  of  4880  and  5145  A,  which  correspond  to  ab¬ 
sorption  transitions  of  the  Er34  ion  from  the  4/i&2  ground 
state  to  the  lFm  and  3Hll/2  excited  states,  respectively, 
were  utilized  in  an  attempt  to  create  a  permanent  LIG  in 
this  sample.  Under  both  excitation  conditions  no  grating 
was  observed.  The  explanation  for  this  is  found  in  the 
fluorescence  spectrum  of  the  Er34  sample  obtained  with 
the  4880-A  wavelength  as  the  excitation  source  and  is  dis¬ 
played  in  Fig.  7.  A  large  peak  is  observed  near  540  nm, 
which  corresponds  to  a  radiative  transition  from  the  4S3^ 
excited  state  to  the  4/l6,2  ground  state.  This  shows  that 
the  Er34  ion  relaxes  nonradiatively  from  the  'Fvi  level 
down  to  the  level  by  the  emission  of  phonons  before 
relaxing  radiatively  to  the  ground  state.  These  phonons 
have  small  energies,  comparable  with  those  in  the  Nd34 
sample,  which  are  insufficient  to  create  the  changes  nec¬ 
essary  to  produce  a  permanent  LIG.  Notice  that  there  is 
a  broad  peak  at  630  nm,  which  corresponds  to  a  radiative 
transition  from  the  4 F 9,2  excited  state  to  the  ground  state. 
For  the  Er3*  ions  to  relax  nonradiatively  from  the  'Sm 
level  to  the  4Fa. 2  level  they  must  cross  an  energy  gap  com¬ 
parable  with  those  seen  in  the  Eu34  and  Fr34  samples, 
suggesting  the  existence  of  high-energy  phonons.  How¬ 
ever,  from  the  size  of  the  fluorescence  peak  it  appears 
that  only  a  few  of  these  phonons  are  available  for  the  for¬ 
mation  of  the  permanent  LIG.  No  transient  grating  is 
observed  in  the  Er34-doped  sample.  Since  no  permanent 
grating  is  present,  only  the  first  term  in  Eq.  (5)  survives. 
If  a  transient  grating  occurs  it  will  have  an  intensity 
proportional  to  |A/ir|2.  In  the  Eu34-  and  Pr34-doped  sam¬ 
ples  no  gratings  associated  with  this  term  are  observed. 
Therefore  it  is  not  surprising  that  no  transient  grating  is 
seen  in  the  Er34-doped  sample. 

These  results  confirm  the  previous  conclusion  that,  to 
create  the  type  of  permanent  LIG  described  here,  it  is 
necessary  to  have  a  high  concentration  of  rare-earth  ions 
that  have  a  relatively  large  energy  gap  between  excited 
electronic  energy  levels  and  that  this  gap  should  be  crossed 
by  radiationless  relaxation. 

C.  Aclivation  Energies  for  I.IGs  in  Eu34-Doped  Glasses 
Previously  a  model  was  developed  to  describe  the  effect  of 
the  network  modifier  ions  on  the  permanent  LIG  signal 
intensity  in  Eu34-doped  alkali-metal  silicate  glasses.11 
The  compositions  of  these  glasses  are  listed  in  Table  1. 
One  parameter  predicted  by  this  model  was  the  activation 
energy  for  grating  formation.  To  verify  the  predicted 
value,  the  temperature  dependence  of  the  scattering  inten¬ 
sity  was  measured  and  is  displayed  in  Fig.  8,  The  same 
procedure  as  reported  for  the  Pr34-doped  glass  was  used 
here.  For  the  samples  with  the  heavier  modifier  ions, 
KS5,  RS5,  and  CS5,  the  intensity  varies  exponentially 
with  temperature.  This  leads  to  the  straight  lines  in 
Fig.  8(a)  with  a  single  slope  on  the  semilog  plot.  However, 
as  the  mass  of  the  modifier  ion  of  the  sample  decreases,  to 
NS5  and  LS5,  the  intensity  no  longer  displays  single  expo¬ 
nential  behavior  but  rather  has  two  regions  with  differing 
slopes.  These  are  displayed,  by  the  solid  and  dashed  lines 
in  Fig.  8(b).  The  intersection  of  the  lines  occurs  at  ap¬ 
proximately  455  K  for  both  samples.  An  identical  type  of 
behavior  was  observed  in  a  Eu34-doped  phosphate  glass, 
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Fig.  7.  Room-temperature  fluorescence  of  the  Er3'-dopeil  glass 
sample  after  excitution  into  the  *Fvi  excited  statu. 


Table  1.  Composition  of  Eu34-Doped 
Alkali-Metal  Glasses 


Sample 

Network 

Former 

Network 

Modifier 

KuJ* 

Content 

LS5 

70.0  SiO* 

15  0  I,iaO 

5  0  HuO 

5  0  ZnO 

5  0  Eu.Oj 

NS5 

70.0  SiOi 

15  0  Nu.O 

5  0  BaO 

5  0  ZnO 

5.0  Ku.t  1 1 

KS5 

70  0  Si02 

15.0  K  .O 

5.0  UaO 

5  0  ZnO 

5  0  Ku.u, 

US5 

70.0  Si02 

15.0  ttl),0 

5  0  But) 

5  0  ZnO 

5.0  liu.O, 

CS5 

70.0  SiO, 

15  0  Cs20 

5  0  But) 

5  0  ZnO 

5.0  Ku.O, 

where 

the  temperature  at 

the  intersection 

of  Ihe  slopes 

was  263  K.11 

That  a  structural  modification  of  the  host  is  responsible 
for  the  permanent  LIG  suggests  that  there  are  two  pro¬ 
cesses  responsible  for  this  modification  in  the  rure-eurth- 
doped  glasses.  Remember  that  this  behavior  wus  ulso  seen 
in  the  Pr34  sample.  One  process  dominates  at  low  tem¬ 
perature,  and  the  other  at  high  temperature.  In  the  high- 
temperature  region  the  temperature  dependence  of  the 
intensity  is  controlled  by  the  network-modifier  ion  of  the 
host.  This  is  displayed  in  Fig.  8  by  the  variation  of 
the  slopes  in  this  region.  In  the  low-temperature  region 
the  temperature  dependence  of  the  intensity  must  be  con¬ 
trolled  by  a  common  element  among  the  different  rare- 
earth-doped  samples,  such  as  other  network-former  or 
network- modifier  ions,  in  order  to  produce  roughly  the 
same  activation  energy  for  each  sample.  It  would  also  up- 
pear  that  the  temperature  at  which  crossover  occurs  de¬ 
pends  on  the  host  glass. 

Table  2  lists  the  measured  activation  energies,  where 
\El  and  \Etl  refer  to  these  low-  and  high-temperature 
rpginns  Since  the  two-level  system  model  was  concerned 
only  with  the  effect  of  the  alkali-metal  network  modifier 
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Kig.  8.  Temperature  dependence  of  LIG  scattering  intensity  for 
Eu',#  -doped  samples:  (a)  dashed  line,  CS5;  solid  line,  RS5; 
dotted  line,  KS5;  (b)  solid  line,  NS5;  dushed  line,  LS5. 


ion,  only  the  high-temperature  region  will  be  discussed. 
More  investigations  need  to  be  undertaken  to  determine 
the  source  of  the  low-temperature  activation  energy. 

;i.  DISCUSSION  AND  CONCLUSIONS 

The  results  obtained  on  the  Pr3*-doped  silicate  glass  are 
consistent  with  the  double-minima  potential  well  model 
proposed  previously.1'2'11  In  this  model  the  possibility  of 
two  different  structures  of  the  glass  host  in  the  local  envi¬ 
ronment  of  the  rare-earth  ion  leads  to  double-minima  po¬ 
tential  wells  for  the  rare-earth-ion  electronic  energy  levels. 
It  is  assumed  that  the  index  of  refraction  is  different  for 
each  well  and  that  the  total  index  of  refraction  of  the  ma¬ 
terial  is  n  -  n,N,  +  n2iV2,  where  n,  and  n2  are  the  in¬ 
dices  of  refraction  of  the  different  wells  and  N\  and  1V2  are 
the  populations  of  these  wells.  The  ions  move  from  well  I 
to  well  II  when  they  receive  Energy  from  the  nonradiative 
relaxation  of  the  rare-earth  ion. 

In  Subsection  2  0  measurements  of  the  activation  en¬ 
ergy  for  grating  formation,  A/?,  were  presented  for  Eu3*- 


doped  alkali-metal  glasses.  These  values  can  be  compared 
with  those  predicted  from  the  two-level  system  model  pro¬ 
posed  previously.  In  the  two-level  system  model  the  LIG 
signal  intensity  is  given  by  " 

I  =  |Af|,p(oo)Ann-i|2,  (7) 

where  Nnr(°°)  is  the  population  of  well  II  ;n  the  peak  of  the 
grating  at  long  times  and  A/in_i  is  the  difference  in  index 
of  refraction  between  wells  I  and  II.  Nnp(=°)  can  be  ex¬ 
pressed  as 

NnrM  =  NipH  (ki/i/||)  exp(Ar/AT),  (8) 

where  A/|/>(®)  is  the  population  of  well  I  at  long  times,  t>\ 
and  V||  are  the  attack  frequencies  of  wells  I  and  II,  respec¬ 
tively,  A,  is  the  asymmetry  of  the  two-level  system,  k  is 
Boltzmann’s  constant,  and  T  is  the  temperature.  This 
gives  the  temperature-dependent  LIG  signal  intensity  as 

I  =  A!i 2(°°)  An1||.|(vi/vI|)2  exp(2A,/kT) .  (9) 

For  the  measurements  here  the  prefactors  are11  An2n-i  = 
2.8  x  10~37  and  (v\/v»)2  =  L77.  N2,(<x>)  depends  on  the 

host  and  varies  from  0  to  2.04  x  1015.  The  values  for  the 
parameters  of  Eq.  (9)  were  obtained  previously  by  fitting 
the  equation  describing  the  effective  scattering  efficiency, 

r)eff  =  |An„-i|2(l  +  (I'ltAi)  exp{[-h(k/m)m(kBT  tan  0)"1] 
x  exp[-d(2mV0/h2)vi]})-\  (10) 

to  the  experimental  values  of  the  effective  scattering  effi¬ 
ciency  as  a  function  of  the  network  modifier  ion  mass. 
|A/i( i-il,  v\\lv\,  hkv2/kBT  tan  0,  and  d(2V0/h2)  were  treated 
as  adjustable  parameters.  A,  is  related  to  the  adjustable 
parameters  through  the  equation 

A,  =  (ftU'Vtan  0  min)  exp[-d(2mV,0/fi2)1'2] .  (11) 

However,  the  main  concern  is  with  the  exponential  term 
in  Eq.  (9).  In  order  to  relate  this  term  to  the  experimen¬ 
tal  data  we  compared  it  with  an  Arrhenius-type  behavior, 
I  =  Io  exp(A E/kT).  From  this  it  is  seen  that  the  mea¬ 
sured  value  of  the  activation  energy  AJ5  is  equal  to  twice 
the  asymmetry  of  the  two-level  system  model  A,. 

The  values  obtained  for  A,  for  all  the  samples  along  with 
the  measured  activation  energies  found  in  Subsection  2.C 
are  presented  in  Table  3.  It  is  seen  that  the  agreement 
among  the  values  is  quite  good  considering  the  simplicity 
of  the  model;  all  values  are  within  an  order  of  magni¬ 
tude  of  one  another.  It  should  also  be  pointed  out  that  the 
equntion  derived  for  the  permanent  LIG  signal  intensity  is 
applicable  to  any  rare-earth  ion  and  depends  only  on  the 


Tuble  2.  Activation  Energies  of  Eu3*-Doped  Table  3.  Activation  Energies  and  Asymmetries 

Alkali-Metal  Glasses  of  Eu3*-Doped  Alkali-Metal  Glasses 


Sn  niple 

\Eh 

( x  103  cm*1) 

A  El 

(xlO2  cm'1) 

Sample 

lEu 

(xlO3  cm'1) 

2A, 

(xlO3  cm'1) 

LS5 

3.87 

8.16 

LS5 

3,87 

12.14 

NS5 

3.02 

7.93 

NS5 

3  02 

3.43 

KS5 

0  89 

0.89 

KS5 

9.89 

1.68 

RS5 

0  62 

0.62 

RS5 

0  62 

0,45 

CS5 

0  47 

0  47 

CS5 

0  47 

0  18 
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glass  host.  Therefore  the  activation  energy  from  the 
Pr3*-doped  silicate  glass  should  be  the  same  as  that  in 
the  NS5  sample.  This  activation  energy  for  the  Pr3>  sam¬ 
ple  was  found  to  be  2.825  x  103  cm'1,  compared  with 
3.428  x  103  cm'1  for  the  NS5  sample,  in  excellent  agree¬ 
ment  with  the  two-level  system  model. 

It  is  found  that  in  the  Pr^-doped  glass  the  LIG  build-up 
and  erase  times  are  faster  than  those  found  previously  for 
Eu3t-doped  glasses.  To  compare  the  ability  to  form  LIG’s 
in  the  Pr3*-  and  Eu3*-doped  glasses,  a  quantum  efficiency 
for  grating  formation  is  defined  as  the  fractional  amount 
of  refractive-index  change  created  per  phonon  emitted.  A 
theoretical  expression  for  this  is  derived  below. 

The  wavelengths  used  to  write  the  LIG’s  are  different  in 
each  sample.  In  the  Pr3*-doped  sample  an  excitation 
wavelength  of  488.0  nm  was  used,  which  had  a  power  den¬ 
sity  of  62.5  W/cm2  when  focused  inside  the  sample.  The 
Eu3*-doped  sample  was  excited  with  a  wavelength  of 
465.8  nm  and  a  power  density  of  20  W/cm2.  The  absorp¬ 
tion  coefficients  were  5.4  cm"1  for  the  Pr3*-doped  sample 
and  3.78  cm'1  for  the  Eu3*-doped  sample.  The  number  of 
photons  absorbed  per  unit  time  can  then  be  calculated  for 
each  sample.  These  are  1.53  x  1017  sec-1  for  the  Eu3*- 
doped  sample  and  1.08  x  1018  sec'1  for  the  Pr3*-doped 
sample.  These  values  are  far  below  those  needed  to  pro¬ 
duce  a  saturation  of  the  absorption  of  the  rare-earth  ions 
in  the  interaction  region. 

To  calculate  the  number  of  phonons  produced  for  each 
rare-earth  ion  that  is  excited,  several  assumptions  need  to 
be  made.  First,  it  has  been  reported  that  in  these  types 
of  silicate  glass  the  highest-energy  phonons  available  have 
energies  of  approximately  1000  cm'1.1*  Thus  the  as¬ 
sumption  is  made  that  the  nonradiative  energy  emitted 
when  the  rare-earth  ion  relaxes  will  be  in  the  form  of 
1000  cm'1  phonons.  The  second  assumption  concerns  the 
relaxation  channel  followed  by  the  rare-earth  ion.  In  the 
case  of  the  Eu3*  ion,  measurements  have  shown  that  no 
radiative  relaxation  occurs  from  the  5D2  or  5Dt  levels.11 
Thus  the  Eu3*  ion,  which  is  excited  into  the  5D2  level,  is 
assumed  to  relax  nonradiatively  to  the  sDa  inetastable 
state.  From  this  level  the  Eu3*  ion  relaxes  radiatively  to 
the  7Fj  level.  The  final  step  occurs  nonradiatively  with 
the  relaxation  from  the  7Ft  state  to  the  7F0  ground  state. 
The  nonradiative  relaxation  mentioned  in  the  above  pro¬ 
cess  generates  approximately  4000  cm'1  of  energy,  which 
is  emitted  in  the  form  of  four  high-energy  phonons. 

For  the  Pr3*  ion,  which  is  excited  into  the  3P0  state,  fluo¬ 
rescence  measurements  show  that  the  majority  of  the  fluo¬ 
rescence  occurs  from  the  JP0-JF>  transition.  Relaxation 
then  occurs  by  nonradiative  relaxation  from  the  sFi  state 
to  the  *Hi  ground  state.  Thus  it  is  assumed  that  on  aver¬ 
age  every  ion  produces  an  amount  of  nonradiative  energy 
equivalent  to  the  energy  gap  between  these  two  states, 
The  energy  of  this  gap  is  approximately  5000  cm'1,  so 
that  five  high-energy  phonons  are  produced  for  each 
Pr3*  ion  excited. 

Using  the  above  assumptions,  we  found  that  there  are 
6.12  x  1017  phonons/sec  produced  in  the  Eu3*-doped  sam¬ 
ple  and  5.40  x  1018  phonons/sec  produced  in  the  Pr3*- 
doped  sample  at  these  power  levels. 

The  scattering  efficiency  for  the  two  samples  is  2  53  x 
10'5  and  1.33  x  10"1  for  the  Eu3,-doped  sample  and  the 
Pr33-doped  sample,  respectively,  1  ne  build-up  time  for 


the  Eu3*-doped  sample  is  900  sec  and  for  the  Pr3*-doped 
sample  60  sec.  This  gives  a  change  in  scattering  effi¬ 
ciency  per  unit  time  of  2.81  x  10'8  sec'1  for  the  Eu3*- 
doped  sample  and  2.22  x  1Q“6  sec'1  for  the  Pr3t-doped 
sample.  Defining  a  quantum  efficiency  for  grating  for¬ 
mation  as  the  change  is  scattering  efficiency  per  phonon, 

t)QE.  =  (12) 

where  Ap  is  the  change  is  scattering  efficiency  per  unit 
time  and  >1>  is  the  number  of  phonons  emitted  per  unit 
time,  we  find  that  q<js.  for  the  Eu3*-doped  sample  is 
4.59  x  10'28  and  for  the  Pr3*-doped  sample  4.10  x  10'25. 
Thus  in  the  Pr3*-doped  sample  the  change  in  LIG  scatter¬ 
ing  efficiency  per  phonon  is  10  times  stronger  than  in  the 
Eu3*-doped  sample. 

This  difference  in  ability  to  form  the  LIG  was  unex¬ 
pected  in  terms  of  the  two-level  system  model.  One 
parameter  that  affects  grating  formation  is  the  asymme¬ 
try,  given  in  Eq.  (11),  which  is  a  measure  of  the  difference 
in  energy  between  the  two  wells.  The  asymmetry  was 
predicted  to  be  the  same  for  the  two  samples,  and  mea¬ 
surements  confirmed  this  prediction.  Therefore  the  dif¬ 
ference  in  grating-forming  ability  does  not  seem  to  be 
attributable  to  the  asymmetry.  Another  parameter  in¬ 
volved  in  grating  formation  is  the  barrier  height  between 
the  two  wells.  The  barrier  height,  Ki  in  Eq.  (11),  is  part  of 
an  adjustable  parameter,  which  also  contains  cl,  the  con¬ 
figuration  coordinate  distance.  However,  it  seems  thut 
both  of  these  parameters,  like  the  asymmetry,  should  be 
related  to  the  glass  host  and  not  to  the  rare-earth  ion. 
The  final  possibility  is  that  the  origin  of  the  refractive- 
index  change  in  the  two  potential  wells  is  associated  with 
differences  in  the  polarizabilities  of  the  rare-earth  ions  in 
different  local  environments.  In  this  cuse  the  Pr3'  and 
Eu3*  ions  would  need  to  experience  different  changes  in 
polarizabilities  when  they  move  between  the  two  wells. 
This  would  create  a  difference  in  grating-forming  ability. 
The  variation  of  the  polarizability  of  Nd3*  ions  from  host 
to  host  was  recently  investigated  by  four-wave  mix¬ 
ing.13  The  observed  change  in  polarizability  that  is  due 
to  optical  pumping  is  significantly  greater  than  the  well- 
to-well  change  observed  here.  Thus  it  appears  that  this 
difference  in  polarizability  might  be  the  origin  of  the 
refractive-index  difference  of  the  two  potential  wells 
observed  in  these  experiments.  This  possibility  will  be 
investigated  in  future  experiments. 

In  conclusion,  we  have  presented  results  on  the  forma¬ 
tion  of  laser-induced  holographic  gratings  in  I’r3'-  and 
Eu3*-doped  glasses.  Characteristics  of  the  LIG  in  P t- 3 '  - 
doped  silicate  glass  were  discussed  and  found  to  he  similar 
to  those  seen  in  Eu3* -doped  glasses.  Explanations  have 
been  presented  for  the  lack  of  grating  formation  in  Err¬ 
and  Nd3*-doped  glasses  based  on  the  absence  of  high- 
energy  phonons.  Comparisons  between  experimental 
values  of  the  activation  energy  for  grating  formation  and 
those  predicted  by  the  two-level  system  model  were  con¬ 
ducted,  and  it  was  found  that  the  two-level  system  model 
is  quite  accurate  in  predicting  these  values 
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a  reprint  from  Applied  Optics 

Optical  applications  of  laser-induced  gratings  in  Eu  doped 
glasses 


Edward  G.  Behrens.  Richard  C.  Powell,  and  Douglas  H.  Blackburn 


Laser- induced  changes  in  the  refractive  index  are  used  to  create  superimposed  transient  population  gratings 
and  permanent  structural  gratings  in  Eu:,t  doped  silicate  and  phosphate  glasses.  Potential  uses  for  these 
laser-induced  gratings  (LIGs)  are  investigated.  First,  the  structural  gratings  are  shown  to  he  permanent  at 
room  temperature  and  their  use  as  a  holographic  storage  medium  is  discussed.  Second,  a  permanent  1.1(1  of 
this  type  is  used  to  demultiplex  multifrequency  laser  beams,  demonstrating  its  use  as  a  tunable  line  filter. 
Third,  the  transient  LIG  is  used  to  modulate  the  amplitude  of  a  laser  beam  which  is  passed  through  the  sample 
and  scatters  off  the  permanent  LIG.  This  results  in  information  being  transferred  from  one  beam  to  another 
beam.  It  was  found  that  thermal  lensing  plays  an  important  role  in  the  formation  of  this  type  of  permanent 
LIG  and  a  procedure  for  determining  the  tilt  angle  of  the  fringes  of  the  LIG  is  discussed. 


(.  Introduction 

In  the  past  decade  there  has  been  a  dramatic  in¬ 
crease  in  interest  in  optical  devices  resulting  from  the 
emerging  applications  of  optical  technology.  These 
devices  rely  on  the  interaction  of  light  with  matter  and 
some  of  them  are  created  by  optical  interference  meth¬ 
ods.  Examples  of  the  this  type  include  photooptical 
switches,1  narrowband  waveguide  reflection  filters, - 
and  opto-optical  deflectors.1  We  have  studied  the 
interaction  of  laser  light  with  Eu1+  doped  glasses  and 
reported  the  formation  of  superimposed  permanent 
and  transient  laser-induced  refractive  index  gratings 
(LIGs).1-7  We  suggest  several  uses  for  these  types  of 
grating  in  glasses. 

In  Sec.  II  the  experimental  configuration  used  to 
write  the  LIGs  is  disciissed.  The  formation  of  the 
LIGs  is  the  same  regardless  of  the  planned  application. 
Section  III  discusses  three  of  the  possible  applications 
of  LIGs  in  these  glasses.  The  characteristics  of  these 
LIGs  relevant  to  their  use  for  holographic  information 
storage,  frequency  selective  filtering,  and  beam-to- 
beam  information  transfer  through  amplitude  modu¬ 
lation  are  described. 
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II.  Experimental  Configuration 

The  experimental  configuration  used  to  form  the 
LIGs  has  been  reported  previously.1""’  The  output  of  a 
cw  Ar-ion  laser  tuned  to  4658  A  is  split  into  two  write 
beams  and  crossed  inside  the  sample  at  an  angle  20,. 
In  the  region  in  which  the  beams  overlap  a  sinusoidal 
interference  pattern  of  the  light  intensity  is  created. 
This  produces  a  modulation  of  the  optical  properties  of 
the  sample  which  will  have  the  same  sinusoidal  pattern 
as  that  of  the  light  intensity.  This  region  is  then 
probed  with  a  third  beam  which  sees  the  variation  in 
the  optical  properties  as  a  refractive  index  grating.  A 
mirror  mounted  on  a  translational  base  which  can 
move  parallel  to  the  sample  is  placed  between  the 
probe  laser  and  the  sample.  This  facilitates  proper 
alignment  of  the  probe  beam  and  allows  the  angle 
between  the  probe  beam  and  the  perpendicular  to  the 
sample  to  be  monitored.  The  probe  beam,  with  a 
wavelength  in  the  sample  A,„  is  reflected  off  this  mirror 
and  onto  the  sample  at  an  angle  4>,  from  the  perpendic¬ 
ular  to  the  sample.  When  this  probe  beam  is  properly 
aligned,  a  fourth  beam,  the  signal  beam,  will  be  dif¬ 
fracted  from  the  LIG.  This  signal  beam  carries  infor¬ 
mation  regarding  the  LIG  and  is  monitored  with  u 
photomultiplier  tube  and  recorded  on  a  strip-chart 
recorder. 

The  samples  used  in  these  experiments  are  ordinary 
phosphate  and  silicate  glasses  which  have  been  doped 
with  Eu)+  ions.  In  the  information  storage  and  de¬ 
multiplexing  experiments  a  phosphate  glass  wit  h  com¬ 
position  10  Eu(POi):i  and  90  La(l'0:i).i  was  used.  In 
the  signal  modulation  experiment  (he  sample  was  a 
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silicate  glass  witli  composition  70  SiOj,  15  LLO,  5  ZnO, 
5  Ba(),  and  5  Eii.O,.  All  compositions  are  in  mol  %. 
For  convenience  these  samples  will  be  referred  to  as 
El’  and  I,S,  respectively.  Both  samples  display  the 
same  1  1G  characteristics  so  either  one  could  have 
been  used  for  any  of  the  experiments.  The  laser  wave- 
length  used  for  writing  the  gratings  is  in  resonance 
with  the  ;F,, —  'll.  absorption  transition  of  the  Eulf 
ions. 

III.  Results 

A  Holoqmphic  Information  Storage 

The  t  ime  evolution  of  a  LIG  is  reflected  in  the  inten¬ 
sity  of  tire  signal  beam  and  for  the  type  of  gratings  of 
interest  here  this  time  dependence  is  displayed  in  Fig. 

1.  When  the  write  beams  are  turned  off  the  grating 
decays  with  a  rate  equal  to  the  decay  rate  of  the  r,Do 
excited  state  of  the  Eu"  iond1’  However,  the  signal 
does  not  return  to  zero  but  rather  to  approximately 
(50%  of  its  original  value  due  to  the  formation  of  a 
permanent  grating.  The  permanent  grating  can  then 
l>e  erased  thermally  by  heating  the  sample  to  tempera¬ 
tures  above  room  temperature  or  it  can  be  erased  opti¬ 
cally  by  illuminating  the  grating  with  a  single  beam 
tuned  in  resonance  with  the  7Fn — ’Dj absorption  tran¬ 
sit  ionol  I  he  En 1 1  ion.  No  grating  formation  or  erasure 
occurs  if  I  lie  beams  are  not  in  resonance  with  the  'Fa — 
I ) .  absorpl  ion  I  ransition. 

A  model  was  proposed  to  explain  these  gratings  in 
which  the  network  former  and  network  modifier  ions 
of  the  glass  host  can  arrange  themselves  into  two  dif¬ 
ferent  configurations  in  the  local  environment  of  the 
Eu 11  ion.*  This  leads  to  a  double-minima  potential 
well  for  the  Eu"  electronic  energy  levels.  It  is  as¬ 
sumed  that  the  material  possesses  a  different  index  of 
refraction  depending  on  which  configuration  is 
present.  When  the  Eu"  ion  relaxes  nonradiatively 
from  the  TL  level  to  the  '’Do  level  several  high  energy 
phonons  are  created.  The  local  heating  produced  by 
the  vibrational  modes  can  produce  a  change  in  the 
structure  of  the  local  environment  of  the  Eu:"  ion  by 
causing  the  ions  to  move  from  one  equilibrium  configu¬ 
ration  to  the  other. 

The  results  demonstrate  that  permanent  holograph¬ 
ic  images  can  be  written  in  rare  earth  doped  phosphate 
and  silicate  glasses  using  this  technique.  Since  the 
mechanism  responsible  for  the  formation  of  the  per¬ 
manent  LIG  involves  structural  changes  which  are 
stable  at  room  temperature,  these  images  have  an  infi¬ 
nite  fading  time.  These  holograms  have  many  appli¬ 
cations  in  areas  such  as  optical  information  processing 
and  medical  imaging  where  long-time  information 
storage  is  important.  Even  though  the  response  time 
of  the  material  is  too  slow  for  real  time  processing  the 
room  temperature  stability  makes  it  important  for 
read  only  applications.  Tin’s  is  a  significant  advantage 
over  many  photorefractive  crystals  which  are  currently 
being  used  in  these  applications. 

To  contrast  the  advantages  and  disadvantages  of 
these  rare  earth  doped  glasses  over  photorefractive 
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Fig.  1.  Time  evolution  of  LIG  signal  intensity  in  the  El*  glass 
sample. 


crystals  consider  the  required  properties  of  photore¬ 
fractive  crystals  for  holographic  applications  as  pro¬ 
posed  by  Gunter  and  Huignard.9  The  properties  are: 

L  sensitivity, 

2.  dynamic  range, 

3.  recording  and  erasure  time, 

4.  loser  wavelength  for  inducing  refractive  index 
change, 

5.  resolution,  and 

6.  room  temperature  operation. 

There  are  two  figures  of  merit  used  to  determine  the 
photorefractive  sensitivity.  In  the  first  case  the  pho¬ 
torefractive  sensitivity  is  given  by 


which  is  defined  as  the  change  in  refractive  index  per 
absorbed  energy  and  volume.  Values  between  roughly 
5  X  10:!  J/cm1  and  20  X  10:t  J/cm:i  have  been  found  for 
S~}  in  photorefractive  crystals.  Although  the  refrac¬ 
tive  index  change  in  rare  earth  doped  glasses  using  low 
power  laser  beams  is  of  the  order  of  10" 1  to  10~r\  which 
is  roughly  the  same  as  in  LiNbCfi,  the  long  time  needed 
to  produce  this  change  drastically  reduces  the  sensitiv¬ 
ity.  Rough  calculations  give  S”,  for  rare  earth  doped 
glasses  to  be  9600  X  10;t  J/cm;f,  which  is  3  orders  of 
magnitude  larger  than  in  photorefractive  crystals. 
However,  the  second  definition,  which  is  more  practi¬ 
cal  in  characterizing  the  holographic  recording  poten¬ 
tial,  defines  the  photorefractive  sensitivity  as9 


5 


’ll 


dw  d 
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where  n  is  the  diffraction  efficiency  and  d  is  the  sample 
thickness.  This  equation  states  that  the  sensitivity  is 
the  change  in  diffraction  efficiency  per  unit  absorbed 
energy  and  volume.  Since  diffraction  efficiencies  as 
high  as  25%  have  been  observed  in  these  glasses1'1  a 
value  of  19.2  mJ/cm2  is  calculated  for  S",1  as  compared 
to  values  which  range  from  2.5-1000  mJ/cm2  for  pho¬ 
torefractive  crystals.  In  this  case  the  rare  earth  doped 
glasses  compare  favorably  to  photorefractive  crystals. 
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As  mentioned  in  the  above  paragraph  the  maximum 
change  in  the  refractive  index  in  the  rare  earth  doped 
glasses  has  been  measured  to  range  from  10--1  to  10-5. 
This  is  identical  to  the  results  reported  for  LiNbO-j  and 
is  in  the  range  of  values  reported  for  numerous  other 
photorefractive  crystals.1* 

Perhaps  the  main  differences  between  photorefrac¬ 
tive  crystals  and  rare  earth  doped  glasses  occur  in  the 
recording  and  erasure  time  of  the  grating.  In  photore¬ 
fractive  crystals,  the  refractive  index  changes  are  due 
to  electrooptic  effects  driven  by  space  charge  fields  and 
the  time  to  record  a  grating  depends  in  the  efficiency  of 
the  charge  generation  and  transport  process.  Howev¬ 
er,  in  the  rare  earth  doped  glass  the  refractive  index 
change  is  due  to  a  rearrangement  of  the  structure  in  the 
local  environment  of  the  rare  earth  ion.  This  requires 
a  large  amount  of  vibrational  energy  and  a  long  time  is 
needed  for  the  grating  buildup.  Thus,  the  time  re¬ 
quired  to  produce  the  refractive  index  change  men¬ 
tioned  above  is  several  orders  of  magnitude  larger  in 
rare  earth  doped  glasses  than  in  photorefractive  crys¬ 
tals.  The  same  time  scales  are  also  observed  for  grat¬ 
ing  erasure. 

In  most  cases  the  laser  wavelengths  required  to  pro¬ 
duce  the  refractive  index  changes  range  from  the  near 
UV  to  the  near  infrared  for  photorefractive  crystals. 
For  the  rare  earth  doped  glasses  investigated  up  to  this 
time,  the  required  laser  wavelengths  are  in  the  visible 
region  of  the  spectrum  and  have  been  accessible  using 
a  common  Ar-ion  laser.  A  unique  wavelength  is  re¬ 
quired  for  the  rare  earth  doped  glasses,  whereas  a 
range  of  wavelengths  can  generally  be  used  for  photor¬ 
efractive  crystals. 

Finally,  the  most  important  difference  between 
these  materials  occurs  in  their  room  temperature  oper¬ 
ation.  Photorefractive  crystals  possess  a  volatile 
memory  at  room  temperature  and  must  undergo  fixing 
methods  to  avoid  dark  erasure  at  room  temperature. 
On  the  other  hand,  the  memory  in  rare  earth  doped 
glasses  is  permanent  at  room  temperature  because  of 
the  structural  phase  change  responsible  for  the  refrac¬ 
tive  index  change.  Also,  as  long  as  the  probe  beam  is 
not  in  resonance  with  a  rare  earth  absorption  transi¬ 
tion  no  erasure  will  occur  during  read  out  of  holograms. 

From  the  above  comparisons  it  can  be  seen  that  the 
rare  earth  doped  glasses  have  certain  advantages  over 
photorefractive  crystals  in  applications  that  require 
long  time  storage,  rodm  temperature  operation,  and 
multiple  readings  of  holographic  gratings.  For  appli¬ 
cations  that  require  a  relatively  fast  response  time,  the 
photorefractive  crystals  possess  the  advantage.  As 
will  be  mentioned  below,  the  response  time  of  rare 
earth  doped  glasses  depends  on  the  decay  kinetics  of 
the  rare  earth  ion.  Finding  a  rare  earth  ion  that  dis¬ 
plays  faster  decay  parameters  will  increase  the  re¬ 
sponse  time  and  may  become  comparable  to  those  in 
photorefractive  crystals. 

B.  Demultiplexing  Results 

To  investigate  the  demultiplexing  properties  of  the 
I,IG  in  these  types  of  glasses  a  permanent  grating  was 


Fig.  2.  Definition  of  parameters  in  the  grating  formation  process: 
A„  is  the  write  beam  wavelength  in  the  sample;  20  ,  is  the  write  beam 
crossing  angle  in  uir;  n  is  the  index  of  refraction  of  the  I  ,S  sample;  20s 
is  the  write  beam  crossing  angle  inside  the  sample;  and  A,,  is  the 
laser-induced  grating  wuvelength. 


Fig.  a.  Definition  of  parameters  in  the  probe  portion  ol  the  experi¬ 
ment.  Kr is  the  prohe  beam  wavelength  in  the  sample,  -I- 1  and  K  are 
the  angles  between  the  probe  beam  and  the  perpendicular  in  ihc 
satnple  in  air  and  in  the  sample,  respectively. 

written  in  the  EP  glass  sample.  The  angle  between  the 
write  beams,  20  *  was  measured  to  be  2.22°  in  air  or, 
with  an  index  of  refraction  of  1.5  for  the  glass,  1.48° 
inside  the  sample,  which  is  defined  as  2th,-.  The  grating 
spacing,  which  is  the  distance  between  the  fringes  of 
the  LIG,  is  designated  as  \(l.  The  definition  of  these 
parameters  is  displayed  in  Fig.  2. 

The  LIG  was  probed  with  both  a  He-Ne  luser  and 
several  different  lines  of  an  Ar-ion  laser.  The  strength 
of  the  probe  beam  was  kept  under  15  mW  and  out  of 
resonance  with  the  7FU — 5Di  Eu1+  absorption  transi¬ 
tion  to  insure  no  erasure  of  the  LIG.  The  geometry  of 
the  probe  portion  of  the  experiment  is  presented  in 
Fig.  3.  The  alignment  of  the  probe  beam  for  maximum 
scattering  efficiency  is  determined  by  the  probe  beam 
wavelength  and  the  wavelength  of  the  LIG. 

To  determine  the  spatial  displacement  of  the  probe 
beam,  its  intensity  was  measured  as  a  function  of  its 
angle  of  incidence  4>.|.  This  measurement  was  per¬ 
formed  with  probe  beam  wavelengths  in  uir  of  (>32.8, 
514.5,  501.7,  496.5,  488.0,  and  476.5  nm.  Figure  4 
displays  the  results  where  4  has  been  converted  to  4\ 
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Fig.  5.  Angle  in  the  sample  at  which  maximum  scattering  intensity 
occurs  vs  probe  beam  wavelength  in  the  sample. 


niid,  for  clarity  only,  the  results  from  probe  beam 
wavelengths  of  032.8  and  514.5  nm  are  displayed.  It 
should  be  pointed  out  that  the  same  type  of  behavior 
was  observed  for  all  prohe  beam  wavelengths  with  a 
shift  in  the  angle  for  maximum  scattering.  It  is  seen 
that  as  -In  is  varied,  the  signal  intensity  increases  from 
zero  to  a  maximum  then  decreases  hack  to  zero  as 
would  he  expected  for  Bragg  scattering. 

Figure  5  displays  the  prohe  beam  wavelength  in  the 
sample,  A;,  vs  the  angle  at  which  maximum  signal 
intensity  occurs.  As  the  probe  beam  wavelength  de¬ 
creases,  the  angle  at  which  maximum  signal  intensity 
occurs  also  decreases.  This  is  described  by  the  Bragg 
scattering  equation1" 

n\r  =  2A,;  sin4>„,  (3) 

where  A;,  i3  the  prohe  beam  wavelength,  At;  is  the 
wavelength  of  the  LIG  grating,  and  4>o  is  the  Bragg 
angle.  For  the  experiments  performed  here,  the  val¬ 
ues  of  -In  plotted  in  Fig.  5  may  not  represent  the  Bragg 
angle  'l’n.  If  the  fringes  of  the  LIG  are  not  perpendicu¬ 
lar  to  the  sample  surface,  -In  will  not  be  equal  to  <1*0.  If 
the  fringes  of  the  LIG  make  an  angle  <t>'  to  the  perpen¬ 
dicular  to  the  sample  surface,  the  Bragg  angle  will  be 
'Li  =  <PS  —  -L  as  is  displayed  in  Fig.  6. 

To  correct  for  this  the  Bragg  angle  <Pn  must  be  re¬ 
placed  with  -In  -  <!>'.  It  is  unlikely  that  4>'  will  be 
known  accurately,  thus  consider  the  case  of  two  probe 
beams  <\,,i  and  A;)2  which  have  two  separate  Bragg 
angles  -I'm  and  Since  only  4>.s  is  changing,  4>'  will 
remain  the  same  for  both  beams  so  that 

A,„  =  2A,.  sinH’v,  -  -(>')  (4) 

A,,,.  =  2A,.  sinply,,  -  ■(>').  (5) 

For  small  angles  sin  (-In  -  -I’')  =  ( 'I’s-  —  -t*').  Taking  the 
difference  between  these  two  equations  gives 

AA„  =  2A,,A+,.  (6) 

Thus,  the  grating  spacing  is  given  by 


Fig.  6  Definition  of  Bragg  angle  and  other ,.  les  involved  in  the 
grating  spacing  calculation. 


2A'I>S  ’ 


(7) 


The  solid  line  in  Fig.  5  represents  the  best  fit  to  the 
data  and  the  slope  of  the  line  gives 

m  =  —  (8) 

so  that  the  wavelength  of  the  permanent  grating  is 


The  slope  of  the  solid  line  in  Fig.  5  was  found  to  be 
0.0214  Mm  corresponding  to  a  grating  spacing  of  23.364 
Mm.  To  check  this  value  the  grating  spacing  of  the 
sinusoidal  light  interference  pattern  was  calculated. 
This  is  also  given  by  Bragg’s  law  and  will  exhibit  a 
wavelength  of 


where  Aw  is  the  write  beam  wavelength.  For  a  write 
beam  wavelength  of  0.3105  Mm  and  crossing  angle  of 
0.0258  radians  the  wavelength  of  the  sinusoidal  inter¬ 
ference  pattern  should  be  ’2.022  Mm.  It  is  seen  that 
the  LIG  apparently  displays  a  wavelength  approxi¬ 
mately  twice  that  of  the  sinusoidal  laser  interference 
pattern. 
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It  has  been  shown  that  the  Eu:l+-doped  phosphate 
glasses  exhibit  thermal  tensing. n  When  illuminated 
with  a  single  beam  tuned  in  resonance  with  the  7F0 — 
’’Dj  Eu:)+  absorption  transition,  a  permanent  change  is 
produced  in  the  refractive  index  of  these  glasses.  The 
change  in  the  refractive  index  is  proportional  to  the 
change  in  the  temperature  of  the  glass.  This  tempera¬ 
ture  profile  can  be  approximated  by  a  parabola,  pro¬ 
ducing  an  effective  thin  lens  with  a  positive  focal 
length.  In  the  crossed  beam  configuration,  each  beam 
will  produce  its  own  thermal  lens.  This  will  result  in  a 
new  crossing  angle  20s.  as  shown  in  Fig.  7  and  produce  a 
change  in  the  wavelength  of  the  laser  interference  pat¬ 
tern. 

We  can  predict  the  change  in  the  crossing  angle  of 
the  write  beams  by  considering  the  thermal  lens  to  act 
as  an  effective  positive  focal  length  lens  placed  in  the 
path  of  each  beam.  The  focal  length  can  be  calculated 
by  using  a  method  similar  to  that  used  in  Durville’s 
experiments. 

In  the  long  time  limit  the  focal  length  of  the  effective 
lens  is  given  by11 


/  = 


wkiu 


,dn 

df 


0.553/M 


<11) 


where  k  —  thermal  conductivity 
w  =  beam  waist 
P  =  beam  power 
,4  =  absorbance  of  sample,  and 

~  =  change  in  iefractive  index  per  change  in 
dT  temperature. 

Here  k,  A  and  ( dn)/(dT )  are  properties  of  the  sample 
and  will  be  the  same  in  both  experiments.  This  leads 
to  a  focal  length  of 


=  fiftM’i, 

p  nwi> 


(12) 


where  the  D  subscripts  refer  to  the  values  quoted  in11 
and  the  B  subscripts  refer  to  the  values  in  this  experi¬ 
ment.  With  w/i  =  0.5  mm  and  Ph  =  0.07  W,  a  focal 
length  of  38.563  mm  is  found.  From  this,  the  change  in 
Os  can  be  calculated  and  a  new  value  for  the  wave¬ 
length  of  the  laser  interference  pattern  of  24.109  am  is 
calculated.  This  is  in  good  agreement  with  the  wave¬ 
length  of  the  LIG  found  from  Eq.  (7). 

It  is  also  possible  Oo  calculate  the  tilt  angle  <!>'  shown 
in  Fig.  6.  From 


■V  =  ?A,..sin(*s.-+')  (1.1) 

and  with  the  small  angle  approximation,  the  tilt  angle 
will  be  given  by 


For  this  experiment  a  tilt  angle  of  5.860  X  10~a  rad  is 
found.  Notice  that  if  •!>>■  is  measured  from  a  reference 
other  than  the  perpendicular  to  the  sample,  this  will 
give  the  angle  between  the  fringes  and  the  reference. 


Fig.  7.  Definition  of  angles  involved  in  thermal  lending  |>rmc*s: 
20s  is  the  write  beam  crossing  angle  in  (he  sample  without  thermal 
lensing;  20v  is  writed  beam  angle  with  thermal  tensing. 


The  demultiplexing  of  the  various  frequencies  of 
laser  beams  by  the  LIG  demonstrates  the  abiliLy  of 
using  these  holographic  gratings  as  frequency  selective 
notch  filters.  The  filter  can  be  tuned  to  different 
frequencies  by  rotating  the  sample  to  different  angles. 
By  stacking  different  holographic  gratings  in  the  same 
material,  several  laser  beams  of  different  frequencies 
can  be  filtered  simultaneously  at  the  same  angle  of 
incidence.  The  limiting  factor  to  the  resolution  of 
such  a  device  is  the  fringe  spacing  of  the  LIG  and 
gratings  can  be  formed  with  spacings  more  than  un 
order  of  mangitude  smaller  than  that  of  the  grating 
used  in  these  experiments. 

C.  Signal  Modulation 

The  final  experiment  performed  was  to  demonstrate 
amplitude  modulation  of  the  LIG  signal.  After  writ¬ 
ing  the  LIG  as  described  in  Sec.  II,  the  write  beams 
were  turned  on  and  off  randomly.  The  result  was  an 
amplitude  modulation  of  the  signal  beam  as  shown  in 
Fig.  8.  The  top  portion  of  the  figure  displays  the  time 
dependence  of  the  write  beams.  The  time  scale  of  the 
experiment  was  approximately  two  minutes.  The 
middle  section  depicts  the  intensity  of  the  probe  beam. 
As  can  be  seen,  the  probe  beam  is  stable  at  a  constant 
amplitude  before  interacting  with  the  LIG.  The  bot¬ 
tom  section  of  Fig.  8  displays  the  time  dependence  of 
the  intensity  of  the  signal  beam,  which  is  an  amplitude 
modulation  of  a  constant  beam. 

The  time  dependence  of  the  intensity  has  been  dis¬ 
cussed  previously  and  is  given  by1 

/(«)  =  /,(()  +  /.,  115) 

where  7|  and  [>  represent  the  transient  and  permanent 
contributions  to  the  intensity.  Thus,  when  the  write 
beams  are  on  a  total  signal  intensity  of  /  =  /  ,  +  l,  will  be 
measured;  however,  when  the  write  beams  are  turned 
off  the  transient  signal  will  decay  leaving  a  total  inten¬ 
sity  of  l  =  I<.  The  decay  will  be  exponential  with  the 
decay  time  of  the  transient  grating. 
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Time  larb.  unitsl 

lit*  H  I1  Inin  1 1  ip  lo  Iml  t  *  *11 1 ;  write,  prolic,  ntul  signal  lien  in  intensi- 
I M's  in  thr  mmlitlalinn  experiment. 

Tin?  rnle  at  which  the  signal  amplitude  can  he  modu- 
Inlotl  is  limited  hy  the  decay  lime  of  the  transient 
component  of  the  signal  intensity.  The  decay  time  of 
tin*  transient  component  has  been  associated  with  a 
population  grnting  of  the  Hu  "  ions  in  the  r’Do  metasla- 
i ile  stale. 1  This  limits  the  amplitude  modulation  by  a 
decay  lime  of  2.7  ms  in  this  sample.12 

These  results  establish  that  the  superimposition  of 
t rnnsieni  and  permanent  LIGs  generated  hy  the  mech¬ 
anism  described  here  can  he  utilized  to  allow  one  light 
beam  to  modulate  the  intensity  of  another  light  beam. 
This  provides  a  means  of  transferring  information 
from  one  beam  to  l lie  other.  The  speed  at  which 
information  can  lie  transferred  will  depend  on  the 
modulation  rale,  which  is  limited  hy  the  lifetime  of  the 
motnslahle  stale  of  the  rare  earth  ion  and  can  vary 
between  a  kilohertz  and  a  megahertz  for  different  rare 
eart  h  transitions. 

IV.  Conclusions 

Three  potential  uses  of  LIGs  have  been  demonstrat¬ 
ed  in  l?u-' '  doped  glasses  which  have  the  ability  to 
produce  superimposed  permanent  and  transient  grat¬ 
ings.  These  include  holographic  storage,  demultiplex¬ 
ing  multifreipiency  laser  beams,  and  beam-to-beam 
information  transfer.  The  LIGs  can  be  written  at 
room  temperature  with  low  laser  power,  have  exhibit¬ 
ed  scattering  efficiencies  as  high  as  25%,  and  remain 
stable  at  room  temperature  indefinitely. 

These  same  type  of  LIGs  have  been  formed  in  a  Prtf 
doped  si  lien  I  e  glass  with  composition  70  SiOj,  15  Nn-jO, 
5  /,n(),  5  Mat),  nnd  5  Pr_>0i  mol  %.l:l  The  transient 
component  of  t  lie  signal  in  this  glass  is  associated  with 


the  relaxation  of  the  1  D->  metastable  state  which  has  a 
lifetime  of  the  order  of  microseconds.  This  will  pro¬ 
duce  an  increase  of  3  orders  of  magnitude  in  the  re¬ 
sponse  time  of  the  transient  grating  compared  with  the 
Eu;l4  doped  glasses.  This  will  allow  lor  a  faster  ampli¬ 
tude  modulation  rate  of  light  beams  passing  through 
the  sample.  However,  the  response  time  of  the  perma¬ 
nent  holographic  grating  is  still  very  slow  in  Pr 14  doped 
glasses. 

The  above  results  are  important  when  considering 
these  glasses  for  potential  optical  devices.  The  type  of 
glasses  used  in  this  work  include  common  silicate 
glasses  which  can  he  made  into  fibers,  and  thus  these 
LIG  devices  can  he  used  in  fiber  optic  systems.  A 
better  knowledge  of  the  microscopic  structural  change 
associated  with  the  permanent  LIG  in  these  glasses 
will  allow  for  optimization  of  these  materials  for  specif¬ 
ic  use. 

This  research  was  supported  hy  the  U.S.  Army  Re¬ 
search  Office. 
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IV.  4 
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Four-wave-mixing  techniques  were  used  to  produce  permanent  laser-induced  refractive  index 
gratings  in  Eu1  '  -doped  silicate  glasses.  These  gratings  are  associated  with  a  thermally  induced 
change  in  the  local  glass  structure  at  the  site  of  the  Eu '  '  ions,  leading  to  a  double-minimum 
potential  well  for  the  electronic  energy  levels  of  the  Eu'  1  ions.  The  effects  on  the 
characteristics  of  the  permanent  laser-induced  gratings  produced  by  changing  the  divalent 
modifier  ions  of  the  glass  host  are  reported  and  a  theoretical  model  is  presented  to  explain  the 
physical  origin  of  the  change  in  the  refractive  index  of  the  material. 


I.  INTRODUCTION 

The  observation  of  permanent  laser-induced  gratings  in 
Eu'  ’  -doped  glasses  using  four-wave-mixing  (FWM)  tech¬ 
niques  was  reported  previously.1  These  gratings  were  pro¬ 
duced  by  resonant  excitation  of  the  Eu'  1  ions  into  the  ‘‘D, 
level.  A  model  was  proposed1  ;  to  explain  the  formation  of 
these  gratings  based  on  a  thermally  induced  change  in  the 
local  glass  structure  at  the  site  of  the  Eu'  1  ions.  This  results 
m  the  description  of  each  electronic  level  of  the  Eu'  1  ions  in 
terms  of  a  double-minimum  potential  well.  The  model  as¬ 
sumes  that  the  index  of  refraction  of  the  material  changes, 
depending  on  which  potential  well  is  occupied  by  the  Eu'  ' 
ions. 

l  aser-induced  refractive  index  gratings  in  Eu'  1  -doped 
glasses  are  important  when  considering  such  glasses  for  opti¬ 
cal  devices.  Several  potential  uses  of  these  types  of  gratings 
have  been  demonstrated '  including  holographic  storage,  de¬ 
multiplexing  mullifrequency  laser  beams,  and  lieant-to- 
beam  information  transfer.  In  addition,  silicate  glasses  can 
be  made  into  libers  and  thus  devices  bused  on  laser-induced 
gratings  in  Eu'  ’  -doped  silicate  glasses  can  be  used  in  fiber 
optics  systems. 

In  the  work  reported  here  we  extend  the  previous  inves¬ 
tigations1  '  by  describing  the  variation  of  the  FWM  signal 
intensity  of  a  series  of  Eu 1  '  -doped  silicate  glasses  with  dif¬ 
ferent  divalent  alkaline  network  modifier  ions.  The  tempera¬ 
ture  dependence  of  the  signal  from  one  of  the  samples  was 
measured  and  a  theoretical  explanation  for  the  change  in  the 
i  elractive  index  associated  with  the  double-minimum  poten¬ 
tial  well  model  is  developed. 

II.  EXPERIMENTAL  RESULTS 

The  effect  of  different  divalent  network  modifier  ions  on 
the  characteristics  of  permanent  laser-induced  gratings  was 
studied  m  five  Eu'  '  -doped  silicate  glasses  with  identical 
compositions  exeepi  i'oi  one  modifier  ion  which  was  changed 
111  rough  a  senes  of  divalent  alkaline  elements:  Mg,  Ca,  Zn. 
Sr,  and  Ua.  I  lie  compositions  of  these  glasses  are  listed  m 
I  able  I 


Permanent  laser-induced  gratings  were  written  in  each 
sample  at  room  temperature  using  crossed  write  heams  from 
a  c.w.  argon-ion  laser  tuned  to  the  4b5.8  mil  line  m  order  to 
resonantly  excite  the  ' D ,  level  of  the  Eu'  '  ions.  I  he  two 
write  beams,  each  having  a  power  of  30  inW,  were  focused  to 
beam  waists  of  400 /nil  and  superimposed  inside  the  sample 
at  a  crossing  angle  of  about  3°.  The  scattering  efficiency  of 
these  gratings  was  measured  using  a  l  le-Ne  laser  at  r>32  8  inn 
as  tile  probe  beam,  which  was  focused  to  a  waist  of  200/im 
and  had  a  power  of  5  mW.  The  experimental  setup  was  the 
same  as  reported  previously.1  The  writing  time  of  the  grat¬ 
ing  was  about  1 5  min. 

It  was  found  that  the  scattering  efficiency  of  the  laser 
induced  gratings  decreased  as  the  mass  of  the  modifier  ton 
increased.  Figure  1  displays  a  plot  of  the  experimental  values 
of  the  scattering  efficiency  versus  the  reduced  mass  of  the 
modifier  and  the  rare  earth  ion.  The  solid  line  represents  the 
theoretical  fit  to  the  experimental  data  as  explained  m  See 
111 

The  lemperaltire  dependence  of  the  laser-induced  signal 
intensity  in  the  Mg  glass  sample  was  measured  at  tempera¬ 
tures  below  and  above  room  temperature.  For  low  tempera¬ 
ture  measurements  the  sample  was  mounted  in  a  cryostat 
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closed  cycle  helium  refrigerator  ;uul  ;i  Lake  Shore  Cryot  rou¬ 
tes  model  K05  lent  pern  lure  coni  roller.  For  high  temperature 
measurements  the  sample  was  mounted  in  a  resistance  heal¬ 
ed  I'mnnce  with  a  Croinel-Almnel  lliermocouplc.  The  lascr- 
mdueed  signal  intensity  is  plolled  versus  temperature  in  Fig. 
2  As  an  he  seen  limn  the  graph,  the  signal  intensily  in- 
ei eases  as  l he  lempei  ai me  decreases.  There  is  a  change  in 
slope  between  high  and  low  temperature  regions.  The  solid 
lines  in  lag  2  correspond  lo  an  exponential  variation  of  the 
signal  intensity  given  by’ 

/  -  /„  exp(A/A„  /  ).  (1) 

where  A  is  an  activation  energy.  The  experimental  values 
obtained  for  A  are  2.72  X  It)1  cm  1  for  the  high  temperature 
legion  ami  about  0.25  <  Id'  cm  1  for  the  low  temperature 
region. 

III.  INTERPRETATION  OF  RESULTS 

I  he  model  proposed  previously  (o  explain  laser-induced 
permanent  gratings  is  based  on  thermally  induced  changes 
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in  the  local  glass  structure  at  the  site  ofllie  Eu1  1  ions’  This 
model  assumes  that  the  network  forming  and  modifier  ions 
can  arrange  themselves  in  two  possible  configurations  lead¬ 
ing  to  different  local  environments  surrounding  the  l:.u'  1 
ions.  Each  structural  arrangement  has  a  different  refractive 
index.  This  results  in  double-minima  potential  wells  for  the 
electronic  energy  levels  of  the  Eli’  1  ions.  It  is  also  assumed 
that  the  heal  generated  through  radiationless  decay  of  the 
excited  Eu1  1  ions  is  responsible  for  the  laser-induced 
change  in  the  local  structure  of  the  glass  host.1  This  can  be 
pictured  as  the  Eu'  1  ions  moving  from  one  potential  well 
minimum  lo  the  other. 

Using  the  double-minimum  potential  well  model  to  ex¬ 
plain  permanent  laser-induced  gratings  in  the  Eu'  '  -doped 
glasses  investigated  here,  the  elTcctive  scattering  efficiency  of 
these  gratings  is  given  by’ 

>/<*  (|A/»„  ,  | ‘ ) /(  I  f  (•'„/»•,  )  exp  — — — - — 

I  \  k„  I  (an  0 

Xexp(  -r/(2wr„/«!)'/:l  )  (2) 

where  A /i,, ,  is  the  change  in  refractive  index  per  ion,  r, ,,  is 
the  attack  frequency  (the  number  of  attempts  an  ion  in  well 
1(11)  makes  to  surmount  the  potential  height  of  that  well), 
tan  ©  =  A„/A.,,  A,,  being  the  coupling  energy2  and  A,  the 
asymmetry  (the  dill'erencc  in  the  minima  of  the  two  poten¬ 
tial  wells),  A  is  the  force  constant  ofllie  initial  configuration, 
m  the  mass  of  the  ion  populating  the  well,  <1  is  the  distance 
between  the  minima  of  well  I  and  well  Hand  Kn  the  potential 
barrier  between  the  two  wells.2  The  value  used  for  m  in  Eq. 
(2)  was  the  reduced  mass  of  the  divalent  modifier  ion  and 
litre  earth  ion  for  each  of  the  samples  investigated.  Al¬ 
though,  realistically  there  are  many  ions  moving  and  thus 
contributing  to  the  formation  ofllie  two  equilibrium  config¬ 
urations,  we  consider  in  this  model  that  the  main  source  of 
the  double-minimum  potential  well  is  the  change  in  position 
of  the  divalent  modifier  ion  and  the  rare-earth  ion.  T  he 
change  in  position  of  all  oilier  ions  is  considered  to  be  very 
small,  so  that  their  contribution  to  the  double-minimum  po¬ 
tential  well  is  negligible.  Equation  (2)  was  fit  to  the  experi¬ 
mental  values  of  the  scattering  efficiency  treating  |A//M  ,  |2. 
v„/v, ,  ftk  '/2/(A„  7’ tan  0),  and  t/(  2  as  adjustable 

parameters.  The  solid  line  in  Fig.  I  represents  the  best  fit  to 
the  experimental  data  where  the  values  found  for  the  adjus¬ 
table  parameters  are: 

|A/i,, ,  |2  =  ( 1.58  ±  0.05)  X  10  JJ, 

=  15.6  ±0.5, 

fik  >/}/(k„  T tan  0)  =  (2.25  ±O.IO)x  10  gu:, 

d(  2  lj,/fi2 ) 1/2  =  (2.55  _f  0. 10)  X  I0"  a  ',2. 

The  sensitivity  of  the  fit  to  these  values  of  the  adjustable 
parameters  is  expressed  by  the  +  error  bars  given  above. 

The  constant  of  proportionality  in  Eq  (2)  was  calculat¬ 
ed  using  the  fact  that  the  scattering  clficieney  of  the  FWM 
signal  is  given,  to  a  first  approximation,  by* 

»/  =  exp(  —  2(7,, DjtT2(  A/i„ltill  ):/A  2  (2) 

here  f  =  D  /  cos  20,  where  D  —  grating  thickness,  20  —  an¬ 
gle  between  (he  write  beams  in  the  sample,  A  =  wavelength 
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of  ( lie  write  beams,  A/1,,,,.,1  =  modulation  of  the  refractive 
index  of  the  sample,  rt„  =  absorption  coefficient  of  the  sam¬ 
ple  at  the  write  beam  frequency. 

The  values  of  the  adjustable  parameters  were  used  in 
llqs.  (7)  and  (24)  from  Ref.  2  to  calculate  the  difference  in 
the  minima  of  the  two  wells,  A  .,  the  population  of  well  I 
before  excitation,  A',  (0)  ( initially  all  ions  are  assumed’  to  be 
in  well  I),  and  the  population  of  each  well  after  the  system 
has  readied  equilibrium,  /V, ,,  ( co  ),  for  each  of  the  samples 
investigated  in  this  work.  The  values  of  these  parameters  are 
listed  in  Table  II.  It  is  observed  that  the  asymmetry  de¬ 
creases  as  the  mass  of  the  divalent  modifier  ion  increases. 
This  same  trend  was  reported"’  in  a  series  of  silicate  glasses 
with  different  monovalent  modifier  ions  and  was  attributed 
to  the  fact  that  the  glass  becomes  more  ordered  ns  the  radius 
of  the  modifier  ion  increases  and  therefore  the  possibility  for 
multiple  configurations  decreases. 

The  decrease  in  the  difference  between  (he  two  potential 
minima  in  the  samples  with  heavier  modifier  ions  is  an  indi¬ 
cation  of  the  fact  that  there  is  less  thermally  induced  change 
in  (he  local  glass  structure.  Because  of  this,  it  is  more  difficult 
to  trap  ions  in  well  II  in  these  samples.  This  is  shown  in  Table 
II  by  the  decrease  in  the  ratio  /VM  (  oo  )/Nt  (0)  as  the  mass  of 
the  modifier  ion  increases. 

Using  the  value  obtained  for  the  last  adjustable  param¬ 
eter,  it  is  possible  to  approximate’  the  distance,  cl,  between 
the  two  potential  minima,  which  is  a  measure  of  the  average 
distance  the  ions  move.  This  distance  varies  from  0.04  A  lor 
the  Mg  glass  sample  to  0.12  A  for  the  lia  glass  sample,  as 
listed  in  Table  II.  These  small  values  for  cl  indicate  that,  as 
individual  ions  or  groups  of  ions  move  between  (he  two  pos¬ 
sible  equilibrium  configurations,  I  and  II,  the  effect  on  the 
average  configuration  coordinate  is  very  small. 

The  change  in  refracljve  index  per  ion  is  l.26x  10 
and  considering  the  number  of  ions  that  accumulate  in  well 
II,  which  is  of  the  order  of  I  X  10"’,  the  total  change  in  the 
refractive  index  of  the  material  is  l.26x  10  This  is  consis¬ 
tent  with  the  results  obtained  for  silicate  glasses  with  mono¬ 
valent  modifier  ions  in  an  earlier  paper,"’  where  the  values  for 
|A/;,,  and  fik  u'/(  k„  '/'tan  0)  were  found  to  be 

1  <>*)  \  If)  Jland  2.25  x  10  "V  ’,  respectively.  (These  val¬ 
ues  were  reported  incorrectly  in  the  earlier  paper.) 

From  Sec  II  the  activation  energy  for  the  Mg  glass  sam¬ 
ple  for  the  high  temperature  region  was  found  to  be 

2  72  X  10'  cm  1  and  since  the  activation  energy  is  twice  the 
asymmetry,"’  this  would  give  an  asymmetry  of  1.36x10' 
cm  1  This  value  ip  slightly  lower  than  the  calculated  value 


for  A,,  listeil  in  Table  II.  I  lowever,  considering  the  simplicity 
of  the  model  used  here  to  describe  a  complex  physical  sys¬ 
tem,  the  experimental  and  calculated  values  for  A,  are  close 
enough.  Similar  results  were  obtained  for  the  glasses  with 
monovalent  modifier  ions. ’’  In  that  work  it  was  demonstrat¬ 
ed  that  the  measured  activation  energy  decreased  with  in¬ 
creasing  mass  of  the  modifier  ion  in  the  same  way  as  the 
asymmetry  factor.  Since  this  dependence  is  already  estab¬ 
lished,  we  did  not  repeat  temperature  dependence  measure¬ 
ments  on  all  of  the  samples  with  divalent  modifier  ions  but 
only  used  one  sample  to  again  demonstrate  the  equivalence 
of  A E„  and  2A,.  in  this  set  of  samples. 

IV.  THEORETICAL  MODEL 

One  important  assumption  made  in  the  double-mini¬ 
mum  potential  well  model  is  that  the  refractive  index  of  the 
material  is  different  for  the  two  possible  local  configurations, 
that  is  n  depends  on  which  potential  minimum  is  occupied  by 
the  Eu1  1  ions.1  -2  This  change  in  the  refractive  index  needs 
to  be  theoretically  explained  and  evaluated. 

Starting  from  the  Clausius-Mossotli  equation,  the 
change  in  refractive  index,  A between  the  two  configu¬ 
rations  can  be  related  to  the  change  in  the  polarizability, 
A«(l,  of  the  Eu1  1  ions  in  configuration  II  as  compared  to 
configuration  I  by 

A/I .  =  (2,t//<)./;  \V,.,  A<f(,.  (4) 

where J\  —  (//"'  I  2)/3  is  the  l.orciilz  field  collection  and 
/V,x  istheuumberdensilyolTheF.il'  1  ions  in  configuration 
II.  Using  the  numerical  values  calculated  from  our  experi¬ 
mental  data  for  the  change  in  refractive  index  per  ion,  A//,,  , , 
the  number  of  ions  that  have  moved  to  well  II,  Aj,  (  y.  ),  and 
the  volume  of  interaction  of  the  laser  beams  inside  the  sam¬ 
ple,  the  change  in  polarizability,  A/r(,,  is  calculated  to  be 
0.0134  A1. 

Fora  theoretical  evaluation  of  the  change  in  polarizabil¬ 
ity  we  used  the  model  developed  by  I’owcll  ct  ul  "  to  calcu¬ 
late  the  change  in  polarizability  of  the  ,  excited  stale  of 
Nil 1  1  compared  to  (hat  oi  l  lie  ^  ground  stale  loi  a  vai  icly 
of  host  materials.  They  considered  that  llicNd'  '  ion  was  a 
multilevel  system  and  that  the  laser  beams  could  mlciacl 
with  all  possible  transitions  between  those  levels.  Having 
lecognized  that  the  4/-4/  transitions  “bonow"  intensity 
from  I  he  4/-  5r/  and  4y-ng  I  rails  it  ions,  they  estimated  that  the 
main  contribution  to  the  change  in  the  polarizability  of  the 
Nil'  1  ion  was  due  to  the  4/-S </  interactions. 

I  lei  e  we  consider  that  the  change  m  polarizability  oil  lie 
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I'll  1  ions  in  configuration  1 1  as  compared  to  configuration 
I  is  mainly  due  to  i lie  4/-5</  transitions  which  arc  far  from 
resonance  and  go  en  hy 

|  ( '  o,, )/ (7, t)  |  - ,-]  1 

|",  )  r  j  1 1 !  (4/  j/j  5i/ )  | ",  (5) 

w  lieic  is  I  lie  average  energy  of  the  4/  '5  <1  stales,  v  is  the 

energy  ol  the  lasei  photons,  r  ,  is  the  energy  dilferenee 
between  the  two  equilibrium  configurations  I  and  II,  and 
<r,  „  is  the  line  si r  iiclme  constant. 

f  igure  '  shows  the  relevant  energy  levels  of  the  fill1  1 
ions  with  the  two  possible  local  configurations  of  the  glass 
host.  I  and  II  I  he  numerical  values  used  in  Hq.  ( 5  )  were  the 
liee-ion  values  I  he  lowest  4/"5</  level  of  the  Eu 1  1  free  ion 
is  known"  to  be  at  H5,50()em  1  and,  due  to  the  20,000cm  1 
splitting  of  the  5il  level,  the  median  energy  of  the  4/'5</ 
inauilold  is  ai  about  45,500  cm  The  value  of  the  radial 
1 1 1 1  eg  i  a  I  (4/  i  5,/  >  for  the  Hu'  1  free  ion  is7  0.41  A  and 
tt\  s  1/147  Using  the  value  of  Arr(,  calculated  from  the 
expel unenlal  lesulls  and  H.q.  (4  )  m  Hq.  (  5  ),  the  energy  dif¬ 
ference  between  the  two  eontigurations  is  found  to  be 
r  ,  -  4  14  -  It)'  cm  1 

Since  the  dilferenee  between  the  ground  state  energy  of 
the  In'  1  ion  m  configuration  II  as  compared  to  configura¬ 
tion  I  was  calculated  to  be  1 .72  x  10*  cm  1  for  the  Mg  glass 
sample,  as  listed  m  I  able  1 1.  the  remaining  energy  difference 
between  the  two  configurations  is  accounted  for  by  a  shift  of 
I  42  -  lO'cin  ‘ml  lie  5r/  levels  of  configuration  II  as  com¬ 
pared  to  configuration  I  f  rom  fable  II,  it  is  seen  that  the 
shift  m  the  ground  state  energy  becomes  smaller  as  the  mass 
of  the  modifier  ton  increases.  This  would  lead  to  increasing 
shifts  in  the  5</  levels,  from  1 .42  ■  10'em  '  for  the  Mg  glass 
sample  lo  2  XX  •  Id'  cm  1  for  the  lla  glass  sample. 

I  he  enci gy  dilferenee  between  the  (wo  equilibrium  con¬ 
figurations  was  calculated  based  on  the  free-ion  value  of  I  he 
tadial  mlegial  <4/  V*5i/  >  The  value  of  this  integral  will  be 
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smaller'  lor  the  Hu'  '  ions  incorporated  into  a  host  envi¬ 
ronment.  This,  m  turn,  would  mean  that  the  energy  shifts 
from  one  configuration  to  the  other  may  be  somewhat  larger 
than  those  calculated  using  the  free-ion  value  for  the  radial 
integral,  liven  then,  the  results  predicted  hy  this  model  arc 
reasonable,  since  site-selective  spectroscopy  has  shown"  en¬ 
ergy  shifts  in  the  5d  level  of  about  b.OOOcm  1  from  one  site 
ol  the  impurity  ion  to  another  in  a  glass  host.  I  iowever,  it  is 
also  true  that  the  value  of  the  radial  integral  can  change 
significantly  due  to  a  change  in  local  environment.'  It  is 
impossible  to  (ell  from  these  results  whclhci  the  change  in 
Hie  radial  integral  ortliechangein  the  position  of  lhe5d  level 
makes  t  lie  dominant  contribution  to  the  change  in  the  polar¬ 
izability.  Doth  types  of  changes  will  contribute  to  the  ob¬ 
served  results. 

V.  CONCLUSIONS 

Using  the  double-minimum  potential  well  model  lo  ex¬ 
plain  permanent  laser-induced  gratings  in  Eli'1 -doped 
glasses,  a  theoretical  explanation  was  developed  for  the 
change  in  the  refractive  index  for  different  local  structural 
eontigurations  of  the  material.  The  change  in  the  refractive 
index  was  related  to  (he  change  in  the  polarizability  of  the 
Eu'  '  tons  in  the  two  types  of  configuration,  which  in  turn, 
was  calculated  from  the  experimental  data  to  he 
Aa(,  =  0.0134  A 1  The  change  in  refractive  index  per  ion  was 
obtained  as  an  adjustable  parameter  from  fitting  Eq.  (2)  to 
t lie  experimental  data  and  therefore  has  the  same  value  for 
all  glass  samples  investigated  here.  The  total  change  in  re¬ 
fractive  index  varies  from  host  to  host  due  to  the  fact  that  the 
number  of  ions  moving  from  configuration  I  to  configura¬ 
tion  II  is  host  dependent  as  shown  in  Table  II.  However,  the 
actual  value  of  A//, |  ,  may  also  change  a  little  from  one  glass 
host  to  another.  The  theoretical  model  used  here  can  accu¬ 
rately  explain  all  of  the  observed  results  by  assuming  that 
this  change  is  very  small  so  that  its  contribution  to  the 
change  in  total  refractive  index  is  negligible. 

On  the  basis  of  free-ion  wave-functions  and  the  assump¬ 
tion  that  t he  4J'-5(I  transitions  make  the  dominant  contribu¬ 
tion  to  the  change  in  polarizability  between  the  two  configu¬ 
rations,  we  calculated  a  shift  in  transition  energy  from 
configuration  I  to  configuration  llof.f  I4v  10' cm  '.This 
is  a  physically  reasonable  energy  level  shift  but  the  actual 
value  may  be  dilierent  due  to  the  change  in  the  value  of  the 
radial  integral  between  (lie  two  configurations  Previous  re¬ 
sults  on  other  types  of  samples  indicate  that  this  latter  elfect 
makes  the  dominant  contribution  to  the  polarizability 
change  in  different  host  environments.'  It  is  interesting  to 
note  that  the  value  of  An,,,  found  forl’r'  '  -doped  glasses  is 
the  same  as  that  found  for  Hu '  '  m  thesume  hosts.’’  Since  the 
5 d  levels  for  Pr1  '  arc  at  lower  energies  than  those  of  Hu  '  . 
these  results  imply  that  the  change  in  radial  integral  is  mote 
important  than  I  he  change  in  the  position  of  the  5i  /  levels  in 
determining  the  polarizability  of  the  rare-earth  tons  in  glass 
hosts 

Unfortunately,  there  is  still  very  little  known  on  the 
atomic  scale  concerning  the  local  environment  of  rare-earth 
tons  doped  into  glass  hosts  It  is  thought  that  ions  such  as 
Hu'  '  m  silicate  glasses  occupy  interstitial  sties  and  distort 
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I  he  local  environment  ol  llic  host  by  tlicli'  Coulomb  attrac¬ 
tion  of  the  nonbndgmg  oxygen  ions.  This  results  in  local 
environments  with  high  nearest  neighbor  coordination 
numbers  caused  by  the  distortion  of  the  rare  earth  ion  on  its 
surroundings.  In  producing  this  distortion,  the  trivalent 
rare-earth  ion  is  in  competition  with  the  modifier  ions  of  the 
host  in  attracting  the  nonbridging  oxygen  ions.  Modifier  ca¬ 
tions  in  the  second  coordination  sphere  increase  the  rigidity 
of  the  host,  thus  hindering  the  free  formation  of  the  rare- 
earth  ion  environment.  The  success  of  this  competition  for 
attracting  the  nonbridging  oxygen  ions  is  determined  by  the 
relative  field  strengths  of  the  rare  earth  and  modifier  ions. 
Thus,  the  larger  the  charge-lo-radius  ratio  is  for  the  rare- 
earth  ion  compared  to  that  of  the  modifier  ions,  the  more  the 
rare  earth  ion  will  be  able  to  distort  its  surroundings. 

The  above  discussion  can  be  used  to  understand  the  re¬ 
sults  listed  in  Table  II.  The  asymmetry  factor  A,  for  the 
double  potential  well  is  a  measure  of  the  ability  of  the  rare 
earth  ton  to  distort  its  local  environment.  If  the  rare-earth 
ion  is  able  to  freely  distort  its  environment,  it  will  forma  very 
similar  local  environment  at  each  site  resulting  in  a  small 
value  for  the  asymmetry  parameter.  This  is  reflected  in  Table 

II  which  shows  that  the  hosts  with  large  modifier  ions  and 
thus  low  effective  fields  have  small  values  for  A,,  whereas  the 
hosts  having  small  modifier  ions  with  high  electric  fields 
have  large  values  of  A, .  This  is  also  consistent  with  the  re¬ 
sults  published  previously  for  hosts  with  monovalent  modifi¬ 
er  ions.'  The  A,  values  are  larger  for  the  glasses  with  diva¬ 
lent  modifier  ions  compared  to  those  found  in  similar  glasses 
with  monovalent  modifier  ions  due  to  the  higher  local  field 
strength  of  the  former. 

Although  ihe  results  described  here  extend  our  under¬ 


standing  of  the  formation  ol  laser-induced  pciniancnl  giut- 
ings  in  rare-earth-doped  glasses,  there  are  still  several 
aspects  of  this  phenomenon  that  require  further  investiga¬ 
tion.  The  exact  nature  of  the  local  surroundings  of  the  rare 
earth  ion  on  the  atomic  scale  is  still  not  known  and  finding 
the  right  rare  earth-host  glass  combination  to  optimize  this 
effect  is  still  an  important  area  of  research.  Further  experi¬ 
ments  are  currently  being  performed  using  fluorescence  line 
narrowing  and  micro-Raman  spectroscopy. 
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A  comparison  of  the  spectroscopic  properties  of  Eu3+-doped  fluoride 
and  oxide  glasses  under  high-power,  picosecond-pulse  excitation 
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The  frequency  harmonic  outputs  of  a  Nd:YAG  laser  were  used  to  excite  Eu3+  ions  in  fluoride 
and  oxide  glasses  with  high-power,  picosecond  pulses.  Time-resolved  fluorescence  spectra, 
fluorescence  lifetimes,  and  rise  times  were  measured  on  the  fluoride  glass  to  obtain  information 
about  the  two-photon  absorption  transitions  and  the  radiative  and  radiationless  decay 
processes.  The  results  show  the  importance  of  coherence  in  the  intermediate  state  of  the  two- 
photon  transition  observed  with  532.0-nm  pumping.  Multiphoton  pumping  with  345.7-nm 
excitation  results  in  spectral  shifts  and  lifetime  changes  which  are  attributed  to  local 
polarization  effects.  Similar  experiments  were  performed  on  the  oxide  glass,  and  the  results 
were  found  to  be  significantly  different  because  of  the  more  efficient  radiationless  decay 
processes  in  the  oxide  host  compared  to  the  fluoride  host. 


I.  INTRODUCTION 

Time-resolved  spectroscopy,  with  the  use  of  high-pow¬ 
er,  picosecond-pulse  excitation,  has  been  shown  to  be  an  im¬ 
portant  technique  for  studying  the  spectral  dynamics  of  tri- 
valent  rare-earth  ions  in  solids.1"®  We  report  the  results  of  a 
detailed  investigation  of  the  spectroscopic  properties  of 
BZLT  fluoride  glass  doped  with  Eu3^  ions  with  the  use  of 
the  picosecond  pulses  from  the  primary  and  various  har¬ 
monics  of  the  output  of  a  Nd:YAG  laser  as  the  source  of 
excitation.  In  addition,  similar  measurements  were  made  on 
Eu3* -doped  lithium  phosphate  (LP)  oxide  glass  to  deter¬ 
mine  the  effects  of  the  host  lattice  on  the  spectroscopic  prop¬ 
erties  with  this  type  of  excitation.  The  time-resolved  fluores¬ 
cence  spectra,  fluorescence  lifetimes,  and  rise  times  were 
measured  as  a  function  of  laser  power  for  the  various  e  "  a- 
tion  frequencies.  The  spectral  properties  are  analyz.  _  in 
terms  of  single-  and  two-photon  absorption  processes  and 
fluorescence  from  four  different  metastable  states.  These  re¬ 
sults  are  especially  interesting,  since  little  spectroscopic 
work  has  been  reported  on  rare-earth  ions  in  this  type  of 
fluoride  glass  host.  The  results  obtained  on  the  oxide  glass 
differ  greatly  from  those  obtained  on  the  fluoride  glass  be¬ 
cause  of  higher  efficiency  of  radiationless  decay  in  the  for¬ 
mer  type  of  material.  These  results  on  two-photon  absorp¬ 
tion  processes  in  Eu3  +  ions, are  significantly  different  than 
those  reported  previously  for  Nd3  +  .  This  is  due  to  the  fact 
that  the  initial  and  final  states  of  the  transition  are  of  the 
same  parity  in  the  latter  case,  but  not  in  the  former  one,  and 
thus  different  types  of  intermediate  states  play  an  important 
role. 

The  nomenclature  for  different  types  of  multiphoton  ab¬ 
sorption  precesses  has  become  somewhat  confusing.  In  this 
work  we  use  STEP  to  refer  to  a  sequential  two-photon  exci¬ 
tation  process  in  which  the  first  photon  causes  a  transition  to 
a  real  intermediate  state,  and  before  relaxation  can  occur, 
the  second  photon  excites  the  ion  from  this  state  to  a  higher 
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state.  VTEP  is  used  for  virtual  two-photon  excitation  pro¬ 
cesses  in  which  the  intermediate  state  is  a  virtual  state  of  the 
system.  Finally,  ESA  is  used  to  refer  to  excited-state  absorp¬ 
tion,  which  occurs  when  the  first  photon  excites  the  ion  to  a 
real  level,  but  relaxation  to  a  metastable  state  occurs  before 
the  second  photon  is  absorbed.  All  three  types  of  processes 
have  been  observed  in  trivalent  rare-earth  ions  in  solids,  and 
it  is  important  to  identify  the  specific  type  of  process  in  order 
to  determine  the  cross  section  for  two-photon  absorption 
(TPA). 

The  cross  section  for  TPA  processes  can  be  expressed 
through  second-order  perturbation  theory  as7 

*  *  I  l£(C/«  <f\P*  1 m\p„  |0>/[  Aru,  -  ;T j  ]  I2,  ( 1 ) 

<*.0  i 

where  C  contains  various  constant  parameters  and  the  den¬ 
sity  of  final  states,  p  is  the  electron  momentum  operator,  n.P 
represent  the  states  of  polarization,  Aoj,  is  the  detuning  of 
the  laser  frequency  from  the  peak  of  the  transition  from  the 
ground  state  |0>  to  the  intermediate  stale  j /),  and  Ty  is  the 
natural  linewidth  of  the  intermediate  state.  The  absolute 
magnitude  of  the  denominator  represents  the  upper  limit  of 
the  interaction  time  for  the  TPA  process.  The  type  of  process 
involved  in  TPA  to  a  specific  final  state  is  determined  by  the 
matrix  elements  and  interaction  times  involved  with  the  dif¬ 
ferent  possible  intermediate  states  included  in  the  sum  over 
[/).  For  trivalent  rare-earth  ions,  the  initial  state  has  a  4 f" 
electron  configuration,  and  the  final  state  can  either  be  an¬ 
other  state  of  the  same  configuration  or  a  state  of  the 
4/"~  '5d  configuration.  For  the  former  case,  parity  selec¬ 
tion  rules  strongly  favor  virtual  transitions  to  5 d  intermedi¬ 
ate  states,  despite  close  resonances  of  real  transitions  to  4 f 
intermediate  states.  However,  if  the  final  state  is  part  of  the 
4/"  ~  '5 d  configuration,  real  transitions  to  resonant  4/inter¬ 
mediate  states  or  virtual  transitions  to  4/intermediate  states 
with  small  detuning  parameters  can  be  important  in  the  sum 
over  [/).  In  this  case  the  matrix  elements  are  approximately 
the  same  for  the  different  types  of  intermediate  slates,  and 
the  dominant  terms  in  the  sum  depend  on  the  interaction 
times.  For  virtual  intermediate  states,  this  is  determined  by 
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the  detuning  from  resonance  and  is  typically  of  the  order7  of 
10' N-10 ' 15  s.  For  real  resonant  intermediate  states,  the 
maximum  interaction  time  can  range  between  10'5  and 
10'9s.  If  coherence  is  important  in  the  overall  TP  A  process, 
it  is  the  dephasing  time  of  the  intermediate  state  that  deter¬ 
mines  the  maximum  interaction  time  instead  of  the  fluores¬ 
cence  lifetime  of  the  level.  Finally,  if  the  laser  excitation 
pulse  is  shorter  than  the  maximum  interaction,  then  the  in¬ 
teraction  time  of  the  TPA  process  is  given  by  the  temporal 
pulse  width  of  the  laser.  Each  of  these  possibilities  must  be 
considered  in  determining  the  specific  type  of  process  in¬ 
volved  in  a  TPA  transition. 

The  experimental  apparatus  used  for  this  work  has  been 
described  previously.1  A  passively  mode-locked  Nd:YAG 
oscillutor/amplifier  laser  with  a  pulse  selector  provided  sin¬ 
gle  excitation  pulses  with  widths  selectable  between  25  and 
200  ps  in  duration.  The  energy  per  pulse  was  approximately 
25  mJ,  and  the  appropriate  frequency-doubling,  -tripling, 
or  -quadrupling  crystals  were  used  to  obtain  output  at  the 
various  harmonic  frequencies.  The  time-resolved  spectros¬ 
copy  measurements  were  made  with  two  different  experi¬ 
mental  arrangements.  One  involved  a  combination  of  a 
monochromator,  photomultiplier  tube,  and  boxcar-signal 
averager  combination,  with  the  output  sent  to  a  strip-chart 
recorder.  The  second  arrangement  involved  a  monochroma¬ 
tor,  rcticon  detector,  and  an  optical  multichannel  analyzer 
(OMA).  All  measurements  were  performed  at  room  tem¬ 
perature. 

The  fluoride  glass  sample  investigated  in  this  work  had 
dimensions  of  1.82x  1.25x0.18  cm3.  Its  composition8  in 
mole  percent  was  27  ZnF2,  1 9  BaF2, 26  LuF3,  27  ThF4,  and  1 
EuFv  The  common  designation  for  this  glass  is 
BZLT:Eu3  +  .  The  oxide  glass  sample  used  for  comparative 
studies  had  the  dimensions  1 .46  X  1 .25  X  0.36  cm3.  The  com¬ 
position  of  this  sample  in  mole  percent  is  30  Li20,  52.3  P205, 
10  CaO,  4.7  AljO„  and  3.0  Eu203.  It  is  designated  as 
LP:Eu’  +  . 

II.  EXPERIMENTAL  RESULTS 

Figures  1  and  2  show  the  energy  levels  and  absorption 
spectrum  for  Eu3+  ions  in  BZLT  glass  along  with  the  posi¬ 
tions  of  the  various  laser  frequencies  used  for  pumping.  The 
lower,  sharp  levels  are  associated  with  states  of  the  4/6  elec¬ 
tron  configuration.  The  broad,  overlapping  bands  above 
27  (XX)  cm  " 1  may  either  be  due  to  states  of  the  4/55  d  electron 
configuration  or  to  charge  transfer  states.  For  the  fluoride 
glass  host,  the  former  seems  more  likely.  The  charge  transfer 
bands  should  be  very  close  to  the  band  edge,  while  the  5 d 
bands  have  been  previously  identified  in  Eu3  + -doped  crys¬ 
tals  with  (heir  peaks  near  2(30  and  240  nm.9  The  latter  is  in 
agreement  with  the  bands  observed  in  this  fluoride  glass,  and 
thus  we  refer  to  these  bands  as  5d  bands,  although  the  charge 
transfer  assignment  cannot  be  ruled  out  at  this  time.  The 
absorption  spectra  for  Eu3+  in  the  oxide  glass  in  the  visible 
region  of  the  spectrum  is  similar  to  the  fluoride  glass.  How¬ 
ever,  in  this  case  the  host  band  edge  is  at  lower  energy,  and 
thus  the  charge  transfer  bands  are  shifted  below  the  5 d 
bands"’  and  appear  as  bands  above  24  500  cm'  ’. 

The  formulation  of  crystal-field-induced  electric  dipole 


FIG.  1.  Energy  levels  of  the  4/*  and  4/’5d  configurations  of  EuJ  +  in  BZLT 
glass.  Tile  semicircles  label  ihemelastable  states.  The  important  absorption 
and  emission  transitions  for  the  different  excitation  wavelengths  used  in  this 
work  are  also  shown.  The  solid  lines  represent  excitation  processes  or  radia¬ 
tive  decay  processes.  The  wavy  lines  denote  the  nonradiative  decay  pro¬ 
cesses.  The  broken  horizontal  lines  show  the  shift  in  the  position  of  the  5 d 
level  after  very  high-energy  excitation.  Theft's  denote  the  fluorescence  de¬ 
cay  rates  and  the  IFy's  the  excitation  rates. 


transitions  in  the  4 f  configurations,  as  developed  by  Judd 1 1 
and  Ofelt, 12  was  applied  to  the  room-temperature  absorption 
spectrum  of  the  BZLT  sample  to  determine  parameters  use¬ 
ful  in  the  modeling  of  multiphoton  spectroscopy.  These  pa¬ 
rameters  include  the  branching  ratios,  oscillator  strengths, 
and  radiative  decay  rates.  The  oscillator  strength  of  a  given 
transition  of  average  frequency  v  from  a  level  /  to  a  level  J '  is 
expressed  as 

f(aJ;bJ')  —  (87t2wic/3/j)  (v/2J  +  1 )  [A'5'cd  (aJ,bJ') 

+  X‘Sm<j(aJ-,bJ'],  (2) 

where  the  electric  dipole  and  magnetic  dipole  line  strength", 
are 

(aJ-bJ ')  =  2,  _  2,4.6 n,  I  </■■/ 1 1 U  »»|  \TJ ')  I2  ( 3 ) 

and 

Sma(aJ;bJ')  =  [fi/2mc)2\  (JnJ  |  |Z  +  25 1 |/V’)  |2,  (4) 

respectively,  a  and  b  represent  other  quantum  numbers  des¬ 
ignating  the  states,/"  represents  the  electronic  configura¬ 
tion,  UU)  is  the  tensor  operator  for  electric  dipole  transi¬ 
tions,  L  +  25  is  the  operator  for  magnetic  dipole  transitions, 
and  theflr  are  the  Judd-Ofelt  parameters  that  are  associated 
with  the  crystal-field  environment  of  the  ion  in  the  host  lat¬ 
tice,  which  are  determined  by  the  analysis  of  the  absorption 
spectrum.  X  and  X '  are  the  correction  terms  for  the  effective 
field  in  the  crystal  for  electric  and  magnetic  dipole  transi¬ 
tions,  defined,  respectively,  as 


862 


J  Appl  Phys  ,  Vol  63.  No  3.  1  February  1988 


Quarles,  Suchocki.  and  Powell 


862 


1.3 


E 


FIG.  2.  Absorption  spectrum  of  Hit 1  r 
will)  the  positions  of  the  various  laser  ex¬ 
citation  wavelengths  shown.  The  BZLT 
sample  used  was  0.18  cm  thick  with  a 
composition  of  10  mol  %  of  EuF,. 


X  =  (/r  +  2)79/1 

and 

,r  =  n\ 

with  n  being  the  index  of  refraction  of  the  host  at  the  asso¬ 
ciated  transition  frequency.  The  reduced  matrix  elements  in 
Eqs.  (3)  and  (4)  have  been  calculated  previously13^15  and 
are  essentially  invariant  from  host  to  host. 

It  is  extremely  difficult  to  make  use  of  the  Judd-Ofelt 
treatment  for  Eu3  +  ions  because  of  the  exceedingly  weak 
absorption  and  number  of  bands  associated  with  totally  for¬ 
bidden  and  electric  dipole  forbidden  transitions.  Because  of 
the  limited  number  of  weak  absorption  peaks  in  the  fluoride 
glass  sample,  the  Judd-Ofelt  parameters  for  a  very  similar 
Eu3 ''-doped  fluoride  glass  were  used  in  this  evaluation.13 
These  were  found  to  be  fl2  =  0.93  X  10-20  cm2, 
fl4  =  2.61  X  10~2U  cm2,  and  fl6  =  2. 17x  10~20  cm2.  By  us¬ 
ing  these  results,  the  spontaneous  emission  probability  can 
be  obtained  for  each  transition  from 

A(aJ.bJ')  =  (64irv3)/f3/ic3(2J+  1)] 

X  [  XS^  ( aJ-bJ ' )  +  X  ’5md  (aJ-bJ * )  J .  ( 5 ) 

The  branching  ratios  for  transitions  from  each  emitting  level 
can  then  be  related  to  the  spontaneous  emission  coefficient 
through 

/7=--VW  (6) 

where  the  summation  is  over  electric  and  magnetic  dipole 
transitions  to  the  final  states/  The  radiative  lifetime  for  each 
emitting  level  can  then  be  determined  from 

( r;-*u )  -  1  =  I,AtJ.  (7) 

Table  I  lists  the  branching  ratios,  spontaneous  emission  coef¬ 
ficients,  and  radiative  lifetimes  of  the  excited  states  of  Eu’  •" 
ions  in  the  fluoride  glass. 


TABLE  I.  Spectroscopic  parameters  of  EuJ  in  BZI.T  fluoride  glass 
(A,j  =  spontaneous  emission  coefficient;  //-branching  ratio;  7''“‘  =  radia¬ 
tive  lifetime). 


Transition 

n 

7 . (10  >s) 

’A 

>5A 

0.532 

0  007 

50| 

1.827 

00244 

50„ 

00 

00 

X 

0,0 

00 

’fs 

10662 

0  1427 

'f4 

14  122 

0  1 890 

7F> 

9  866 

0.1320 

’F, 

21.914 

0  2933 

7 

15.797 

0.2114 

7, 

0.0 

00 

13  383 

’A 

>'0, 

0.095 

0  0013 

5  A, 

0  516 

0.0070 

0485 

00066 

7A 

9  820 

0  1331 

’F, 

8  638 

0.1171 

’F, 

30.290 

0.4105 

20.378 

0  2762 

7A 

0.426 

00058 

7Fu 

3.143 

0.0426 

13.552 

*0, 

>50„ 

0.163 

0.0024 

7f» 

0.624 

00090 

7A 

4.344 

00627 

7A 

21.124 

0  3050 

7A 

29  002 

0  4188 

’A 

3.006 

0,0434 

’A 

10.988 

0  1587 

7, 

0  0 

0  0 

14.440 

5A, 

>7, 

1  951 

0  0138 

’A 

00 

00 

42.958 

0  3038 

00 

0  0 

’A 

30  224 

02137 

V, 

66  384 

0  4694 

00 

0  0 

17  267 
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Attempts  to  excite  fluorescence  of  the  BZLT:Eir1+  glass 
with  multi  photon  absorption  of  the  primary  1064-nm  radi¬ 
ation  were  unsuccessful.  The  doubled  output  at  532.0  nm 
resulted  in  single-photon  absorption  to  the  SD,  level  and 
two-photon  absorption  into  the  5 d  configuration  band  for 
this  sample.  The  quadrupled  output  at  266.0  nm  results  in 
single-photon  absorption  into  the  5 d  configuration  band  of 
this  sample  and  no  observed  two-photon  absorption.  The 
tripled  output  at  354.7  nm  gives  a  single-photon  absorption 
into  the  5tJ  configuration  band  followed  by  multiphoton  ab¬ 
sorption  above  the  baud  edge  of  the  fiuoride  sample.  For  the 
oxide  host,  essentially  no  multiphoton  processes  were  de¬ 
tected  for  any  of  the  different  excitation  conditions.  For  the 
doubled,  tripled,  and  quadrupled  Nd-YAG  laser  excitation, 
the  observed  fluorescence  of  LP:Eu’  *  originated  almost  en¬ 
tirely  from  the  ‘'D„  metastable  state  with  very  little  higher- 
energy  emission,  even  for  the  UV  pumping.  The  fluorescence 
spectra  and  lifetimes  observed  with  the  various  pumping 
wavelengths  are  described  below 

A.  Results  for  266.0-nm  pumping 

Figure  3  shows  the  I3ZLT:Eu'+  fluorescence  spectra 
obtained  at  two  different  times  after  the  25-ps  excitation 
pulse  for  quadrupled  Nd-YAG  laser  pumping  at  266.0  nm. 
file  spectral  resolution  of  the  laser  lines  used  for  excitation  is 
approximately  _f  1  cm  Observation  of  the  emission  in- 
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FIO  3  Fluorescence  spectra  of  13ZLT  EuJ*  glass  at  two  times  after  the 
excitation  pulse  at  266  0  um,  (a)  50  ns  and  (b)  1.0/is. 


tensity  for  all  lines  shows  a  linear  dependence  with  pump 
power,  thus  indicating  that  single-photon  absorption  is  re¬ 
sponsible  for  exciting  all  of  these  transitions.  The  fluores¬ 
cence  emission  includes  transitions  originating  from  all  the 
various  5Dj  levels,  as  well  as  from  the  5 d  configuration  level. 
Each  of  the  five  groups  of  lines  in  Fig.  3,  corresponding  to  the 
five  different  fluorescing  states,  has  its  own  characteristic 
lifetime. 

Figures  1  and  2  show  that  the  266.0-nm  excitation  di¬ 
rectly  pumps  the  5r i  configuration  level.  Part  of  the  excita¬ 
tion  energy  decays  radiatively  from  the  5 d  level  to  the  var¬ 
ious  1FJ  multiplets  of  the  ground-state  term,  while  the  rest  of 
the  excitation  energy  cascades  down  to  the  iDJ  levels  by  fast 
radiationless  relaxation  processes.  The  fluorescence  lifetime 
of  the  5 d  level  is  measured  to  be  70  ns.  The  5Z>3  2 , 0  levels  all 
have  radiative  transitions  to  the  ground-state  multiplets 
with  fluorescence  lifetimes  of  1.57,  1.42,  and  1.24 //s,  and 
5.94  ms,  respectively.  All  of  the  lifetimes  plotted  were  single 
exponential  over  two  decades  and  have  maximum  error  bars 
of  ±2%.  The  fast  nonradiative  decay  rate  from  iDi  to  SD2  is 
determined  from  the  rate  equations  described  below  to  be 
6.  IX  I05  s-1.  This  value  is  almost  identical  to  the  rate  of 
6.3  X  10s  s~ '  given  by  the  Judd-Ofelt  analysis.  For  266.0-nm 
pumping,  a  rise  time  of  approximately  2  /is  occurs  when 
observing  the  SD(,-1F2  emission  transitions.  With  the  use  of 
Weber’s  model 1(1  fora  cascading  decay  process,  the  theoreti¬ 
cal  estimate  of  this  rise  time  should  be  <  10  /is,  which  is 
consistent  with  the  observed  result.  Fluorescence  from  the 
5Z>,  1 0  levels  of  Eu1+  is  well  known  in  other  hosts,  but  the 
observation  of  fluorescence  from  the  5Dy  and  5 d  levels  is 
unusual.  The  fluorescence  lifetimes  and  rise  times  for  each  of 
the  metastable  states  are  listed  in  Table  II  for  these  pumping 
conditions. 

The  time  evolution  of  the  fluorescence  spectra  shown  in 
Fig.  3  can  be  described  by  the  rate  model  shown  in  Fig.  1. 
The  rate  equations  describing  the  time  evolution  of  the  excit¬ 
ed-state  populations  are  given  by 


~~= 

dt 

(8) 

^  4. 

dt 

(9) 

=P1'ni  — 
dt 

GO) 

t^=0V>h-/32>h, 

dt 

(ID 

*L±=0Y'h-/3,»v 

dt 

(12) 

The  rt,  ’s  represent  the  concentrations  of  ions  in  the  various 
excited  states,  the  /7,’s  are  the  fluorescence  decay  rates  of 
these  levels,  the  0""s  refer  to  the  nonradiative  decay  rales, 
and  Wd  is  the  pumping  rate  of  the  5 d  configuration  level. 
Table  I  shows  from  the  Judd-Ofelt  analysis  that  nonradia¬ 
tive  decay  is  dominant  between  the  iDi, 5D2,  and  ''D{  meta¬ 
stable  states,  whereas  radiative  decay  is  the  dominant  pro¬ 
cess  from  the  5D0  state  to  the  ground-state  components. 

With  the  assumption  of  a  delta  function  excitation 
pulse,  these  equations  can  be  solved  to  give  the  time  evolu- 
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TABLE  H.  Characteristics  of  metastable  states  of  Eu1*  in  BZLT  ( A/  =  25 
ps;  7*  =  300  K ) , 


Level 


Parameter 

‘A, 

’A 

‘A 

Sd 

Fluorescence  lifetimes 

=  266  or 

5940 

1.24 

1.42 

1.57 

007 

532  nm 

=  354.7  nm* 

0.57 

071 

0.82 

0.26 

0.34 

0.18 

Fluorescence  rise  limes 
r,„  (gas) 

^CI  =  266 

1.8 

<0.35 

0  28 

0.06 

0.03 

532  nin 

2100 

0.03 

2  .  =  354.7  nm 

005 

0.03 

'The  fluorescence  consisted  of  l  lie  superposition  of  sharp  lines  and  a  broad- 
hand. 

lion  of  the  excited-state  populations.  The  observed  fluores¬ 
cence  intensities  from  the  /th  level  can  be  expressed  as  the 
product  of  the  population  of  the  level  and  its  radiative  decay 
rate/?'.  The  solution  of  Eqs.  (8)  and  (9)  gives  the  ratio  of 
intensities  of  the  5d  and  iDi  levels  as 

/j(f)//j(0  =  K(/34-0j){  1  -  exp[  (0j  -/?4)/  ]}_l, 

(13) 

where  K  —  [0j/(0"J0[)  ]  Figure  4  shows  the  ratios  of  the 
integrated  fluorescence  intensities  of  all  of  the  5  d  transitions 
to  the  ground  state  and  the  visible  transitions  from  the  5i>j 
metastable  state.  By  fitting  Eq.  t.12)  to  the  measured  time 
evolution  of  the  ratios  of  the  fluorescence  intensities,  after 
correcting  for  quantum  efficiencies,  branching  ratios,  and 
the  spectral  sensitivity  of  the  equipment,  the  value  of  K  can 


t(ns) 

FIG  4  Theoretical  fitting  and  experimental  points  for  the  time  evolution  of 
the  ratios  of  the  integrated  tluorescence  intensities  of  the  emission  from  the 
5 d  level  and  5D,  metastable  state  after  266.0*nm  excitation. 


be  determined  The  best  fit  shown  by  a  solid  line  in  Fig.  4  was 
obtained  with  a  value  of  K  =  3.4 X  IQ-6  s. 

From  the  value  of  K  obtained  from  the  TRS  results,  it  is 
possible  to  obtain  the  radiative  decay  rate  from  the  5 d  con¬ 
figuration  level.  The  values  needed  for  evaluation  are  the 
branching  ratios  for  the  iDi  metastable  state,  and  these  are 
available  through  the  Judd-Ofelt  analysis  of  the  absorption 
spectrum.  Use  of  the  branching  ratios,  along  with  the  mea¬ 
sured  value  of  the  fluorescence  lifetime  of  the  5 d  level,  gives 
an  estimate  for  the  radiative  decay  rate  for  the  5 d  level  of 
9.72  ±  2. 14x  106  s“ '. 

Figure  5(a)  shows  the  LP:Eu3+  fluorescence  spectrum 
at  50  /is  after  the  266.0-nm  excitation  pulse.  The  fluores¬ 
cence  from  the  5Z>()  metastable  state  to  the  1Fa  t  2  iA  multi- 
plets  of  the  ground  term  is  much  stronger  in  the  oxide  glass 
than  in  the  fluoride  glass.  The  measured  fluorescence  life¬ 
time  of  the  iDu  level  is  3.15  ms  for  this  sample  and  is  also 
purely  single  exponential.  There  is  some  very  weak  fluores¬ 
cence  from  the5/),  and  iDl  metastable  states,  as  well  as  some 
weak  broadband  fluorescence  at  higher  energies,  which  may 
be  associated  with  charge  transfer  transitions.  The  signal 
from  the  weak  fluorescence  transitions  was  too  small  to  ob¬ 
tain  accurate  fluorescence  lifetime  measurements.  A  com¬ 
parison  of  the  Eul+  fluorescence  in  the  oxide  and  fluoride 
glass  hosts  for  this  type  of  excitation  shows  that  radiationless 
relaxation  processes  are  more  efficient  in  the  oxide  glass, 
which  is  consistent  with  previous  results  obtained  by  using 
other  types  of  excitation. I7_lv 


z/-(103cm~’) 

30  25  20  15 
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FIG.  5  Fluorescence  spectra  of  LP.Eu*  ‘  glass  at  50  ft s  alter  (he  pulse  for 
excitation  at  (a)  26b  nin,  (b)  532  nnt,  and  (c)  J 54  7  urn. 
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B.  Results  for  532.0-nm  pumping 

Figure  6  shows  the  fluorescence  spectra  at  two  different 
times  after  the  laser  excitation  pulse  for  doubled  Nd-YAG 
laser  pumping  at  532.0  nm.  The  same  lines  appear  in  the 
spectra  as  seen  in  Fig.  3,  but  their  relative  intensities  are 
different  and  change  with  excitation  power.  Figure  7  shows 
the  variation  in  the  integrated  fluorescence  intensity  of  the 
emission  line  near  5 1 5.0  nm  as  a  function  of  excitation  ener¬ 
gy  per  pulse.  The  observed  quadratic  dependence  indicates 
that  this  fluorescence  transition  is  excited  under  these  pump¬ 
ing  conditions  by  two-photon  absorption  terminating  on  a 
level  of  the  5 d  configuration.  The  fluorescence  transitions 
from  all  of  the  metastable  states  are  the  same  as  those  dis¬ 
cussed  in  the  preceding  section  following  single-photon 
pumping  of  the  5 d  level.  As  seen  in  Fig.  1,  the  intermediate 
state  for  this  two-photon  transition  is  one  of  the  Stark  com¬ 
ponents  of  the  5Z),  level,  which  can  be  directly  pumped 
through  one-photon  absorption  processes  at  this  excitation 
wavelength.  Only  part  of  the  ions  excited  to  this  intermedi¬ 
ate  state  will  absorb  a  second  photon,  while  the  rest  will 
decay  either  radiatively  to  the  ground  state  or  radiationlessly 
to  the  'D, ,  level  from  which  fluorescence  emission  occurs  to 
the  ground-state  multiplets. 

As  shown  in  Table  II,  the  rise  time  of  the  fluorescence 
decay  profiles  for  the  SDI)-1F2  transition  is  measured  to  be  2. 1 
ms,  with  a  5.9-ms  decay  time.  The  decays  occurring  after  the 
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FIG  b  Fluorescence  spectra  of  OZLT  Eu'*  glass  at  two  different  times 
after  the  excitation  pulse  at  532  0  nm.  (a)  50  ns  and  (b)  1 .0 /us. 


FIG.  7.  Integrated  fluorescence  intensity  of  the  515  l-nm  spectral  line  as  a 
function  of  laser  energy  at  532.0-nm  excitation  with  a  25-ps  pulse. 


initial  rise  were  observed  to  be  single  exponential.  The  ob¬ 
served  rise  time  is  much  longer  than  expected  for  a  direct 
nonradiative  transition  from  the  3Z> ,  level.  Longer  than  nor¬ 
mal  rise  times  of  fluorescence  from  the  iD0  level  have  been 
observed  previously19,20  and  have  been  attributed  to  intersite 
energy  transfer.  Similar  processes  could  also  be  important 
for  the  glass  host.  The  laser  excitation  in  resonance  with  the 
absorption  transition  to  the  5Z>,  level  can  selectively  excite 
ions  in  specific  host  environments.20  This  is  possible  since 
the  laser  linewidth  (  <0.5  A)  is  much  less  than  the  widths  of 
the  excited  electronic  levels  (approximately  100  A).  The 
long  rise  time  was  found  to  be  independent  of  the  power  of 
the  laser  excitation,  indicating  that  it  is  not  specifically  asso¬ 
ciated  with  multiphoton  processes. 

Figure  5(b)  shows  the  LP:Eu3+  fluorescence  spectrum 
at  50/iS  after  the  532.0-nm  excitation  pulse.  As  with  266.0- 
nm  excitation,  there  is  a  strong  fluorescence  from  the  5Z2() 
level  and  only  weak  emission  from  the  5L>,  level.  No  fluores¬ 
cence  can  be  observed  from  any  of  the  higher  levels,  indicat¬ 
ing  that  no  multiphoton  absorption  processes  are  occurring. 
The  fluorescence  lifetime  of  the  5Z)0  levels  is  3.15  ms,  also 
found  to  be  single  exponential,  and  the  rise  time  is  600  /ns. 
The  latter  is  again  anomalously  long  for  simple  radiationless 
relaxation  processes.  The  LP  glass  and  a  similar  EuJ  + -doped 
fluoride  glass  were  studied  previously21  under  different  exci¬ 
tation  conditions.  The  results  indicated  that  the  lifetimes  re¬ 
mained  single  exponential  and  fairly  constant  across  the  flu¬ 
orescence  band.  The  energy  transfer  among  the  Eu'+  ions 
was  measured  to  be  weak  and  thus  did  not  strongly  effect  the 
observed  decay  kinetics,  although  it  can  contribute  to  the 
initial  rise  of  the  fluorescence. 

A  simplified  rate  diagram  for  describing  the  pumping 
and  decay  dynamics  under  these  excitation  conditions  is 
similar  to  that  shown  for  266.0-nm  pumping  in  Fig.  1.  The 
parameters  are  the  same  as  those  previously  used,  except 
there  are  the  additional  parameters  Wt  to  describe  the  initial 


866 


J  App!  Phys  .  Vol.  63.  No  3.  I  February  1988 


Quarles,  Suchockl,  and  Powell 


866 


single-photon  pumping  rate  of  the  iDt  level  and  the  second 
photon  rate  of  the  5 d  level  given  by  W'a.  Thus  Eqs.  (8)  and 
(11)  now  become 

dnd 

(14) 

dt 

=  W,  +01r,h  ~ Pin2>  (15) 

dt 


with  Eqs.  (9)— ( 11)  remaining  the  same.  Once  again,  the 
solutions  of  Eqs.  ( 14)  and  (15)  for<5-function  excitation  can 
be  related  to  the  measured  relative  fluorescence  intensity  ra¬ 
tios  through 

I2(‘)/I3U)  =  {A+B}/C,  (16) 

where  the  variables  A,  B,  and  C  are  given  by 


A  =  n2(O)02  exp( -02t),  (17) 

B  =W,,(O)0'2/?rW:)r{[exp(  -0J)\/[(02  -0s)(0u -00] 

+  [exp(  -04t)]/[(02-00(02-00(0d -00]  +  [exp(  - 0dt)]/[(02  - 0d)U 0a)W4- 0d)]},  (18) 
C  =  nJ(O)0ri0'40j'([exp(  -0}t)]/[(0d -00(04 -00] 

+  [exp(  -04t)]/{(0 ’3-00(0d -04)]  +  [exp(  -0llt)]/[(0i-0J)(04-0d)]}.  (19) 


A  simplified  expression  describing  the  ratio  of  the  initial 
populations  of  the  5 d  and  iD[  levels  is  given  by  evaluating 
Eq.  ( 16)  at  long  times  after  the  excitation  pulse.  This  evalua¬ 
tion  is  made  possible  with  a  few  minor  assumptions.  Since  it 
is  experimentally  determined  that  02~03tz04  40d,  then  as 
t  —  oo,  the  exponentials  involving/? j  will  become  negligible, 
and  we  can  assume  that  02  =  03  =  04.  Likewise,  since 
02~02  and  the  Judd-Ofelt  analysis  shows  that 
{0  2  /0  j }  =:  1 ,  our  expression  simplifies  to 

l/30)/A(/)]|,_ 

=  Y0"J0"4'{[nAO)/>hW)]  -a0V),  (20) 

where  y  =  3.9  X  10" 15  s2  and  a  =  3.7  X  10~2  s.  We  may  then 
use  the  values  of  the  intensity  ratios  at  long  times  after  the 
pulse  to  find  the  initial  populations  of  the  levels. 

Figure  8  shows  the  ratios  of  the  integrated  fluorescence 
intensities  of  all  of  the  5 d  transitions  and  the  visible  transi¬ 
tions  from  the  ’£>,  level  in  the  fluoride  glass  for  two  different 
pulse  widths.  The  data  indicate  that  the  relative  values  of  the 
initial  populations  of  the  5  d  and  5Z),  levels  are  approximately 
independent  of  the  excitation  pulse  width.  This  indicates  ei¬ 
ther  that  the  maximum  possible  interaction  time  for  the 
TEA  process  is  much  longer  than  the  laser  pulse  width,  so 
that  no  change  in  the  intermediate  state  occurs  during  the 
time  of  the  experiment,  or  that  any  transient  changes  in  the 
properties  of  the  intermediate  state  occur  very  rapidly  with 
respect  to  the  excitation  pulse  width. 

By  using  the  measured  asymptotic  values  for  the  intensi¬ 
ty  ratios  and  Eq.  (20),  the  initial  population  ratios  are  deter¬ 
mined.  These  values  of  the  initial  population  ratios  can  then 
be  used  to  calculate  the  cross  section  for  the  second  part  of 
the  TPA  transition.  The  expression  for  this  is1 

cr2J  (cm2 )  =  [nd  (0)/n,(0)  ]  {hv2/hvd) 

X[Af/(0.375  )/„](£),  (21) 

where  At  is  the  laser  pulse  width,  and  lp  is  the  photon  flux 
per  pulse.  A  major  simplification  used  in  Eq.  (21)  is  the  use 
of  the  simplified  expression  P(t)  =  (0.375/At)  for  the 
pulse-time  dependence,  instead  of  the  full  Gaussian  expres¬ 
sion 


I - 

PU)  =  (0.375/At)exp{  -  2.77 ( (/  -  tu)/At  ]2}.  (22) 

In  order  to  evaluate  the  cross  section  for  the  second  step 
in  the  TPA  process,  it  is  necessary  to  estimate  a  value  for  the 
rate  of  interaction  in  the  intermediate  state,  |\  The  fluores¬ 
cence  lifetimes  of  the  iDJ  metastable  states  are  all  much 
greater  than  the  laser  pulse  widths.  Use  of  either  of  these 
lifetimes  or  the  time  of  the  laser  pulse  as  the  effective  interac¬ 
tion  time  gives  values  for  the  cross  sections  which  are  several 
orders  of  magnitude  smaller  than  the  values  expected  for  /-/ 
transitions.  Thus  ESA  and  STEP  transitions  with  incoher¬ 
ent  intermediate  states  can  be  eliminated  as  the  type  of  TPA 


t(ps) 

FIG  8  Time  evolution  of  the  ratios  of  the  integrated  fluorescence  intensi¬ 
ties  of  the  emission  from  the  'D,  and  'D,  melastable  states  after  532  0-nni 
exeiiation  for  two  different  pulse  widths  At. 


867 


J  Aopl  Phys  Vol.  63,  No.  3.  1  February  1988 


Quarles.  Suchocki,  and  Powell 


867 


process.  For  a  transition  involving  a  virtual  intermediate  or 
coherent  TEA  process  with  a  real  resonant  intermediate 
state,  the  coherence  times  have  been  round  to  be  in  the  range 
10'  "-lO""  s.’2  This  can  be  estimated  by  considering  the 
spectral  line  shape  of  the  absorption  transition  from  the 
ground  state  to  the  possible  intermediate  states.  According 
to  Eq.  ( 1 ),  the  dephasing  time  will  then  be  the  maximum 
time  for  Tl’A  involving  a  real  intermediate  state.  For  transi¬ 
tions  involving  virtual  intermediate  states,  the  maximum  in¬ 
teraction  time  is  less  than  the  coherence  time  by  an  amount 
determined  by  the  detuning  from  resonance.  In  our  case  the 
single-photon  absorption  terminates  on  the  edge  of  an  ab¬ 
sorption  band  due  to  a  transition  terminating  on  one  of  the 
Stark-split  components  of  the  SD,  metastable  state.  How¬ 
ever,  there  are  other  levels  with  small  detuning  parameters, 
such  as  the  other  Stark  components  of  5Z> , ,  which  can  have 
interaction  times  equal  to  or  greater  than  that  of  the  resonant 
interaction  and  thus  cannot  be  neglected  in  the  sum  over 
intermediate  states  in  Eq.  (1).  The  measured  transition 
linewidths  in  the  absorption  spectrum  were  used  to  estimate 
the  coherence  times. 

This  analysis  gives  a  value  of  5  =  4.6x  1013  Hz  for  the 
resonant  transition,  which  provides  an  upper  limit  for  the 
interaction  time,  since  at  room  temperature  the  linewidths 
should  be  a  combination  of  homogeneous  broadening  due  to 
phonon  processes  and  inhomogeneous  broadening  due  to  the 
disorder  in  the  glass  host.  For  nearby  otT-resonance  transi¬ 
tions,  the  measured  coherence  time  is  somewhat  greater,  but 
inclusion  of  the  detuning  parameter  leads  to  similar  interac¬ 
tion  times.  Thus  the  value  found  for  5  is  used  as  an  estimate 
of  t he  interaction  time.  By  using  this  value  along  with  the 
values  of  the  population  ratios  obtained  from  Eq.  (20)  and 
the  excitation  pulse  intensity  and  width,  Eq.  (21)  gives  the 
values  of  the  cross  secitons  for  the  second  transitions  in  the 
TEA  processes.  The  magnitudes  are  somewhat  larger  than 
those  of  ground-state  absorption  transitions,  because  they 
are  parity  allowed.  This  indicates  that  theTPA  processes  are 
either  VTF.E  processes  or  a  coherent  STEP  process  in  which 
fast  phonon  dephasing  processes  that  broaden  the  intermedi¬ 
ate  level  without  shortening  its  lifetime  are  important  in  de¬ 
termining  the  cross  section  of  the  second  step  in  the  TPA 
processes. 

Figure  9  shows  the  variation  ofaw  with  excitation  pulse 
width  for  the  BZLT  sample.  The  linear  relationship  between 
the  cross  section  and  laser  pulse  width  is  consistent  with  Eq, 

( 21 ),  and  the  magnitude  is  consistent  with  having  a  fast  in¬ 
teraction  time  compared  to  the  pulse  width. 


C.  Results  for  354.7-nm  pumping 

Figure  10  shows  (he  fluorescence  spectra  at  (wo  difler- 
ent  times  after  the  excitation  pulse  for  tripled  Nd:YAG  laser 
pumping  at  354.7  nm.  The  lifetimes  of  the  transitions  are 
listed  in  Table  II.  This  emission  is  quite  different  from  that 
observed  with  532.0-  or  266.0 -nm  pumping.  The  wave¬ 
lengths  of  the  emission  transitions  are  at  different  positions, 
and  the  lifetimes  are  different.  Each  of  the  three  sets  of 
fluorescence  peaks  involves  a  double  exponential  decay  with 
a  very  fast  rise  time.  For  example,  the  410-nm  peaks  have  a 


25 


20 


15 


o 

T- 

b"  10 


- 1 - 1 - - , - 

/ 

/ 

■* 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/  0 

- 

/ 

/ 

/ 

/ 

/  1 

_ 1 _ L_ - - - 1 _ 

50  100  150  200 

A  Ups) 


FIG.  9.  Variation  of  the  absorption  cross  section  of  the  excited-state  part  of 
the  STEF  transition  vs  laser  pulse  width  for  532.0-nm  excitation. 


longer  decay  component  of  819  ns,  a  faster  component  of  179 
ns,  and  a  rise  time  of  approximately  30  ns.  The  other  two  sets 
of  peaks  show  similar  lifetimes  and  rise  times,  which  are 
listed  in  Table  II. 
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FIG  10.  Fluorescence  spectra  of  BZLT  Eu3*  glass  at  two  different  limes 
after  the  excitation  pulse  al  354  7  nm,  (a)  50  ns  and  (b)  I.O/rs  The  dashed 
line  on  the  high-energy  edge  denotes  the  corrected  spectra  after  the  overlap 
with  the  354  7-nm  exciting  light  ir.  taken  into  account 
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The  double  exponential  decays,  rise  times,  shill  in  tran¬ 
sition  wavelengths,  and  reduction  in  the  number  of  emission 
peaks  indicate  that  there  is  a  change  in  the  configuration 
coordinates  describing  the  energy  levels  for  these  pumping 
conditions.  This  may  be  associated  with  a  multiphoton  exci¬ 
tation  process  terminating  at  an  energy  far  above  the  band 
edge.  During  the  time  the  electron  is  in  this  highly  excited 
state,  the  interaction  of  the  ion  with  its  surroundings  will 
change  through  local  polarization  effects.  The  electron  de¬ 
cays  back  down  to  the  various  metastable  states,  and 
fluorescence  occurs  before  the  surrounding  lattice  has  time 
to  relax  back  to  its  equilibrium  condition.  It  appears  that  in 
this  polarized  state  of  the  local  site  of  the  ion,  the  5  d  configu¬ 
ration  level  is  shifted,  so  that  the  bottom  of  its  potential  well 
falls  below  that  of  the  SD}  metastable  state.  With  these  condi¬ 
tions,  no  fluorescence  comes  from  the  latter  level.  Likewise, 
it  is  possible  that  multiphoton  excitation  with  354.7  nm  lifts 
the  electron  into  the  charge  transfer  band  located  above  200 
nm.  Following  this  excitation,  radiative  transitions  come 
from  either  the  charge  transfer  states  of  the  5 d  band,  in  addi¬ 
tion  to  the  5Dj  levels.  If  there  is  a  combination  of  radiative 
relaxation  from  both  the  charge  transfer  states  and  5 d  bands, 
this  could  account  for  the  double  exponential  decay  curves 
observed  with  each  transition.  Single-photon  excitation  by 
354.7-nm  light  in  the  LP:Eu3  +  glass  directly  pumps  the 
charge  transfer  state  and  gives  a  similar  spectra  to  that  seen 
in  the  fluoride  glass.  This  spectrum,  shown  in  Fig.  5(c),  is 
taken  at  50/ts  after  the  25-ps  pulse.  One  difference  is  that  the 
lifetimes  in  the  oxide  glass  remain  single  exponential,  indi¬ 
cating  that  there  is  no  transfer  or  overlap  between  the  5 d  and 
charge  transfer  states.  A  schematic  drawing  of  this  model 
describing  the  change  in  the  configuration  coordinates  is 
shown  in  Fig.  1 1.  This  model  is  a  qualitative  model  for  de¬ 
scribing  the  changes  after  354.7-nm  excitation.  More  work 
needs  to  be  done  to  better  understand  the  shifts  in  emission 
and  changes  in  lifetimes.  Future  work  is  planned  when  the 
addition  of  a  picosecond  dye  laser  attachment  is  completed. 

III.  DISCUSSION  AND  CONCLUSIONS 

Picosecond-pulse  excitation  is  an  important  experimen¬ 
tal  method  for  characterizing  the  spectral  dynamics  of  ions 
in  solids.  The  time-resolved  spectroscopy  technique  pro¬ 
vides  a  useful  means  through  which  two-photon  absorption 
cross  sections  can  be  determined.  These  results,  coupled 
with  measurements  of  the  excitation  pulse-width  depend¬ 
ence  of  the  cross  section,  allow  the  mechanism  of  two-pho- 
ton  absorption  to  be  identified. 

The  results  show  that  Eu 1  +  ions  in  BZLT  fluoride  glass 
emit  fluorescence  from  higher  metastable  states  of  the  4/6 
configuration  and  from  the  lowest  level  of  the  5 d  configura¬ 
tion.  This  implies  weak  electron-phonon  interaction  in 
BZLTEu3  *  compared  to  many  oxide  glass  hosts  that  exhib¬ 
it  fluorescence  only  from  the  5Z)„  level,  or  the  5D,  and  iD0 
levels  after  radiationless  relaxation  from  higher  excited 
slates.3  3  Characterizing  the  properties  of  the4/55d-4/Ainter- 
cmifiguralional  transition  is  especially  interesting,  since  this 
has  not  been  extensively  studied,  whereas  the  CTS  of  oxide 
glasses  similar  to  the  LP  glass  have  typically  been  more 
closely  studied.  I ligli-power,  picosecond-pulse  excitation 


coordinate) 

FIG.  1 1.  Configuration  coordinate  diagram  describing  llie  changes  in  Ihe 
I3ZLT:EuJ*  fluorescence  after  mullipliolon,  354.7-nm  pumping.  The  solid 
lines  represent  (lie  localion  of  ihe  levels  alter  266  0-  and  532.0-nm  excita¬ 
tion.  The  broken  line  schematically  represents  ihe  shift  in  flic  5rf  potential 
well  due  lo  local  polarization  elfecis  following  the  mullipliolon  354  7-nm 
pumping.  The  dolled  line  indicates  the  position  of  ihe  charge  transfer  band 
above  Ihe  5 il  level. 


produces  two-photon  absorption  in  the  BZLT  glass,  which 
was  shown  to  lake  place  through  a  mechanism  involving  a 
coherent  intermediate  stale.  The  cross  section  for  the  second 
photon  absorption  in  the  TPA  process  is  found  to  be  signifi¬ 
cantly  greater  than  that  of  the  first  photon  absorption.  This 
is  because  the  former  involves  an  f-cl  transition  with  a  large 
density  of  linai  stales,  while  the  latter  is  an /-/  transition  with 
a  small  density  of  final  states.3'*  The  results  obtained  on  Eu*  ’ 
in  the  oxide  glass  provide  less  information  on  the  spectral 
dynamics  associated  with  high-power,  picosecond  pumping. 
This  is  due  to  the  fact  that  the  faster  radiationless  decay 
processes  in  the  oxide  host  result  in  strong  fluorescence 
emission  only  in  the  lowest  metastable  state.  This  demon¬ 
strates  one  limiting  aspect  of  the  time-resolved  spectroscopy 
technique  used  here:  it  depends  on  having  fluorescence  emis¬ 
sion  from  levels  pumped  only  by  two-photon  absorption 
transitions  as  well  as  emission  from  levels  pumped  by  one- 
photon  absorption. 

No  evidence  of  ESA  processes  was  found  for  the  fluoride 
glasses  under  these  excitation  conditions,  and  no  VTEP  were 
observed  when  the  excitation  wavelength  was  not  very  close 
to  resonance  with  a  real  single-photon  transition.  Multipho¬ 
ton  excitation  to  energies  well  above  the  band  gap  of  the  host 
allows  a  local  distortion  of  the  lattice  to  occur  which  leads  to 
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Eu3+  fluorescence  from  a  distorted  crystal-field  environ¬ 
ment,  giving  rise  to  very  different  spectral  properties.  These 
types  of  spectral  shifts  and  lifetime  changes  have  been  ob¬ 
served  in  other  types  of  materials  under  conditions  of  high- 
energy  excitation.25 

Comparison  of  the  results  obtained  on  Eu’4'  with  those 
reported  previously  on,Nd’+  shows  that  the  type  of  TPA 
process  taking  place  in  trivalent  rare-earth  ions  under  simi¬ 
lar  excitation  conditions  can  be  quite  different,  depending  on 
the  nature  of  the  final  state  of  the  transition.  The  latter  case 
involved  f-f  transitions,  and  a  resonant  transition  to  a  real / 
intermediate  state  was  found  to  dominate  the  sum  over  inter¬ 
mediate  states.  The  former  case  involves f-d  transitions,  and 
virtual  or  coherent  real /intermediatestates  were  found  to  be 
important  in  the  TPA  transition. 
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Several  experimental  techniques  were  used  to  characterize  the  photorel'ractive  properties  of 
KNbO,.  Continuous-wave  excitation  was  used  to  study  two-beam  coupling  and  creation  times  of 
photorefraettve  gratings  for  both  undoped  and  doped  samples.  The  results  show  how  diirercnl  types 
of  dopants  all'ecl  the  photorelraclive  sensitivity  and  material  properties  relevant  to  the  pholorefrac- 
live  effect  such  as  carrier  mobility,  trapping  time,  effective  trap  density,  effective  electro-optic 
coefficient,  Debye  length,  and  the  sign  of  the  dominant  photocarrier.  Picosecond  pulse  excitation 
was  used  to  study  fast  nonlinear  responses  of  undoped  KNbOj.  Along  with  the  trapped-charge  pho- 
torefractive  response  observed  at  long  times  after  the  excitation  pulses,  it  was  also  possible  to  ob¬ 
serve  nonlinear  responses  due  to  absorptive  changes  at  intermediate  times  and  an  ullrafast  response 
that  may  have  contributions  associated  with  bound-electron  nonlmearities  and  with  scattering  from 
Nb5 '  -ion  hopping  modes. 


I.  INTRODUCTION 

Displactve  ferroelectric  crystals  have  the  electro-optic 
properties  necessary  for  producing  photorefraettve  effects 
tl’RE’s).  These  light-induced  changes  in  the  refractive  in¬ 
dex  of  the  material  are  the  basis  for  many  important  de¬ 
vices  in  optical  technology  involving  holographic  storage, 
optical  data  processing,  and  phase  conjugation.1  KNbO, 
is  predicted  to  have  a  high  photorefractive  sensitivity  for 
materials  of  this  class,  but  its  properties  have  not  been 
fully  characterized/  The  purpose  of  the  research  de¬ 
scribed  here  is  to  present  new  information  about  the  pho¬ 
torefractive  response  of  KNbO,  crystals.  The  two  most 
important  aspects  of  this  work  are  determining  how  the 
material  properties  change  with  different  types  of  doping 
ions  and  showing  how  the  nonlinear-optical  response  of 
the  material  evolves  with  time  after  picosecond  pulse  ex¬ 
citation. 

The  material  properties  associated  with  the  PRE’s  are 
characterized  using  a  spatial  light  intensity  grating  gen¬ 
erated  by  the  interference  of  two  coherent  laser  beams. 
The  photorefractive  response  is  associated  with  mobile 
charge  carriers  which  are  produced  by  photoionization  of 
trap  levels  in  the  bright  regions  and  through  drift  and 
diffusion  are  subsequently  retrapped  at  new  regions  in  the 
crystal.  This  leads  to  the  buildup  of  a  space-charge  field 
in  the  material  which  modulates  the  refractive  index 
through  the  electro-optic  ell'ect.  Since  (he  magnitude  ol 
the  index  change  is  proportional  to  the  absorbed  energy, 
the  PRE  can  be  generated  with  weak  light  sources  on 
long-time  scales,  but  it  requires  very  high  fluences  to  pro¬ 
duce  the  PRE’s  with  fast  laser  pulses.  Other  mechanisms 
associated  with  free  carriers,  bound  charges,  absorption 
changes,  and  vibrational  properties  can  produce  compet¬ 
ing  nonlinear-optical  responses.  To  understand  the  I’RE 
response  of  a  material,  it  is  necessary  to  characterize  the 
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charge  generation,  relocation,  and  trapping  processes  as 
well  as  the  effects  of  the  competing  nonlinear-optical  pro¬ 
cesses.  This  can  be  accomplished  by  using  a  variety  of 
experimental  techniques  which  provide  information  over 
a  wide  range  of  response  times  and  for  samples  with 
several  different  trap  compositions.  The  results  of  this 
type  of  comprehensive  investigation  of  KNbOj  are  de¬ 
scribed  in  the  following  sections. 

Potassium  niobate  is  a  ferroelectric  material  with  the 
perovskite  type  of  crystal  structure.  At  room  tempera¬ 
ture  it  has  orthorhombic  crystal  symmetry  of  point  group 
mm2,  and  the  electro-optic  coefficients  of  this  material 
have  been  determined.1  The  various  structural  phases  of 
KNbOj  can  be  thought  of  as  being  derived  from  the  cu¬ 
bic  paraelectric  phase  by  a  series  of  distortions  of  the 
original  cubic  cell.  For  example,  the  orthorhombic  dis¬ 
tortion  consists  of  a  stretch  of  the  original  cube  along  one 
of  the  face  diagonals  (the  cubic  {  1 1 0 j  direction).  The 
|  110 1  direction  suffering  a  slight  elongation  is  the  direc¬ 
tion  of  spontaneous  polarization  and  is  designated  us  the 
c  axis  of  the  principal  cell.  The  remaining  principal  axes 
coincide  with  the  other  twofold  rotation  axes.  Using  the 
convention  of  previous  work,  we  label  the  orthorhombic 
b  axis  as  the  direction  parallel  to  the  (010)  axis  of  the 
original  cubic  cell.  This  is  the  only  axis  conserved 
through  the  phase  transitions  of  the  material. 

Single  crystals  of  high-optical-quality  KNbO,  were 
grown  from  high-temperature  solutions  using  established 
techniques.4  Both  undoped  crystals  and  crystals  contain¬ 
ing  up  to  1  mol  %  of  Ta}t,  Na  1 ,  Rb  1 ,  or  Fe’1  were 
gtown  and  cut  into  samples  of  approximate  dimensions 
3X3X5  mm  A  diseolorization  was  observed  in  all 
doped  samples  ,th  the  exception  of  Na:KNbO,.  Prelim¬ 
inary  studies  indicate  that  each  dopant  was  uniformly  in¬ 
corporated  in  the  crystal  lattice  at  concentrations  up  to 
the  I  mol  '"<•  level  used  in  this  study.  The  crystals  were 
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v-ray  urunli.il  anil  poled.4  Slight  variations  were  ob- 
seivcil  in  the  v-ray  Ihagg  angles  and  Curie  temperature 
lor  the  TakNbO,  sample.  The  most  probable  location 
of  la' 1  m  the  KNbO,  lattice  is  the  Nb5'  site  while  the 
Na  '  and  Kb1  ions  arc  believed  to  occupy  the  K'  site. 
Fe 1  1  has  been  previously  studied  and  reported  to  occupy 
the  Nb'’  site  with  (lie  creation  of  free  charge  carriers.5 
Prior  to  poling,  chemical  polishing  of  doped  and  undoped 
samples  revealed  various  domain-wall  structures  which 
could  be  readily  observed  on  the  surface  with  8X 
inagniliealion  In  some  cases,  these  observed  surface  pits 
and  steps  corresponded  to  visible  domain  imperfections 
within  t lie  bulk  and  in  close  proximity  to  the  surface. 
After  poling  and  repolishing,  no  evidence  of  domain 
stiuctuies  at  the  surface  could  be  observed. 

II.  RESULTS  FOR  CONTINUOUS 
WAVE  EXCITATION 

Laser-induced  photorefractive  gratings  were  written  in 
undoped  and  doped  KNbO,  crystals  using  the  514.5-ntn 
emission  of  a  continuous-wave  lew)  argon-ion  laser.  The 
pholoiefractive  characteristics  of  the  samples  were  stud¬ 
ied  using  two  types  of  experimental  measurements:  two- 
beam  coupling  and  transient  four-wave  mixing  (FWM). 

A.  Experimental 

The  experimental  setup  used  for  the  beam  coupling  ex¬ 
periments  is  shown  in  Fig.  1(a).  In  these  experiments  one 
of  the  two  beams  used  to  write  the  grating  is  reduced  in 
intensity  and  is  designated  as  the  probe  beam.  The 
pump-  and  probe-beam  intensities  were  820  mW/cm'  and 
5.3  mW/em2,  respectively,  and  the  pump  beam  was  ex¬ 
panded  to  eliminate  problems  associated  with  nonunifor¬ 
mities  of  the  light  interference  pattern.  This  experimen¬ 
tal  arrangement  results  in  a  grating  thickness  that  is  al¬ 
ways  equal  to  the  crystal  thickness  independent  of  the 
crossing  angle  between  the  two  beams.  The  intensity  of 
the  transmitted  probe  beam  was  measured  with  a  pho¬ 
tomultiplier  tube  and  recorded  on  a  strip  chart  recorder. 
The  photorefractive  gain  was  determined  by  recording 
the  intensity  change  of  the  transmitted  probe  beam  as  the 
pump  beam  was  cycled  on  and  off. 

In  the  four-wave  mixing  arrangement  [Fig.  1(b)],  the 
laser-induced  grating  was  produced  by  two  equal  intensi¬ 
ty  pump  beams  with  the  same  beam  diameters.  The 
grating  properties  were  determined  by  using  a  weak  (50 
/iW/cnr)  lleNe  laser  for  the  probe  beam.  The  probe 
beam  enters  the  sample  in  the  opposite  direction  from  the 
pump  beams  and  is  aligned  for  Bragg  diffraction  off  the 
grating.  A  photomultiplier  tube  was  used  to  detect  the 
intensity  of  the  diffracted  probe  beam  and  the  signal  was 
recorded  on  a  digital  oscilloscope.  By  chopping  the 
pump  beams  on  and  off,  the  dynamics  of  grating  forma¬ 
tion  were  studied. 

II.  Results  of  two-beam  coupling  measurements 

For  some  samples  and  experimental  conditions,  the 
charge  relocation  properties  cause  the  refractive  index 
grating  In  be  out  of  phase  with  the  incident  light  pattern. 


FIG.  1.  Crystal  and  beam  arrangements  for  (a)  two-beam 
coupling  experiments  and  (b)  iiondegenerate  four-wave-mixing 
experiments. 


Under  these  conditions  energy  can  be  transferred  from 
one  beam  to  the  other.  The  direction  of  the  energy 
transfer  is  determined  by  the  crystal  orientation  and  the 
sign  of  the  dominant  charge  carrier.  With  the  crystal 
oriented  for  maximum  gain,  the  intensity  of  the  signal 
beam  can  be  written  in  terms  of  the  gain  coefficient  T  as6 

IAL)  [ /, ( 0 )  T-  /,(0) ]exp[(  T  —  a )£.  ] 

- - =  — -  ,  (I) 

/, tO)  /r(0H-  /,  (O)expf  T L  ) 

where  a  is  the  absorption  coefficient,  L  the  interaction 
length,  and  7r  and  /,  are  the  intensities  of  the  pump  and 
signal  beams.  Equation  (1)  reduces  to 

/I(L)  =  /J(0)exp((  T  — a)L  ]  (2) 

if  /r(0)»/,(0)  and  the  pump  beam  is  assumed  to  sufTer 
negligible  depletion  traversing  the  length  of  the  crystal. 
Experimentally  we  measure  the  effective  gain6  yQ  given 
by 

To  /j( 7-  )w,ii,  pnmp^A  ■  L  )wj||IO(l,  pUmp  expfrz.)  (3) 

if  the  depletion  of  the  pump  beam  is  neglected. 

The  beam  coupling  gain  can  be  expressed  in  terms  of 
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material  parameters  as 

r —  2rrnlrcj[Esc/X  ,  (4) 

where  n  is  the  effective  refractive  index,  rcit  is  an  effective 
electro-optic  tensor  component,  and  £sc  is  the  space- 
charge  field.  By  including  factors  that  account  for  the 
relative  contributions  of  electrons  and  holes  to  the  pho- 
torefractive  effect,  rcfl-  can  be  related  to  the  electro-optic 
tensor  component  of  a  fully  poled  crystal  as7 

'•«ir  =  *>*ng a‘  •  <5) 

£  is  a  fractional  poling  factor,  o'  is  a  normalized  conduc¬ 
tivity,  and  rJng  is  the  appropriate  combination  of  electro¬ 
optic  tensor  components  and  angular  and  polarization 
factors  for  a  fully  poled  crystal.  For  the  two  cases  of  only 
one  type  of  charge  carrier,  o'  —  +  1  for  holes  and  o'—  —  1 
for  electrons.  In  the  experiments  performed  here  the  two 
input  beams  were  incident  on  the  {a)  surface  of  the  crys¬ 
tal  and  were  p-polarized  so  that  rjng  can  then  be  written 
as 


=  ( n  ]r)}cos20  —  n \r ,  3sin20 ) /n  4  , 

(6) 

where 

n  =  [(cos20/n3  )  +  (sin20/n  2  )]-l/:  . 

(7) 

The  space-charge  field  lakes  (lie  form 

£sc  =  (2irAfl T/e ][ Ag /( A3  +  A,2)]  , 

(8) 

where  Ag  is  the  grating  spacing  and 

An  =  [  4  j T2ee{)k  BTAe2NE)}' /2 

(9) 

is  the  Debye  screening  length.  Substituting  for  Esc  in 
Eq.  (4)  yields  the  expression  for  the  photorefractive  gain 

T  =  [  2 mi  ’A  „Trcll  /( d  k )  ][  Kg  /(  K-  +  K;)\  ,  (10) 

where  Kg=-2ir/Ag  and  Ki=2tr/A0.  By  measuring  the 
beam  gain  f  as  a  function  of  grating  spacing  Ag  and  ap¬ 
plying  Eq.  (10),  two  material  properties  can  be  deter¬ 
mined:  rcll-  and  ;Vf;  =  :V:V  1  /( ;V  +  :V  *  ),  the  effective  den¬ 
sity  of  empty  traps. 

In  all  the  beam  coupling  experiments  on  undoped  and 
doped  KNbOj,  the  grating  normal  was  aligned  parallel  to 
the  c  axis  and  the  crystal  *and  beam  geometry  were  ar¬ 
ranged  to  give  gain  to  the  signal  beam.  At  each  angle  of 
the  input  beams,  the  effective  gain  y„  was  measured  and 
the  photorefractive  gain  E  determined  using  Eq.  v3).  The 
experimental  values  for  f  were  fit  to  a  straight  line  form7 
of  Eq.  (10), 

^/r  =  [eA/(27rn'A,,TrCII)](l  +(Kj/K;)]  ,  (11) 

with  Kg/T  plotted  versus  K2.  This  presupposes  that  relr 
is  independent  of  Kg.  Examination  of  Eq.  (5)  shows  that 
this  assumption  implies  that  o'  is  independent  of  Kg,  a 
situation  that  exists  only  if  one  type  of  photocarrier  is 
dominant.  When  displayed  in  this  manner,  a  value  for 

can  be  obtained  from  the  intercept  and  a  value  for  Ks 
can  be  obtained  from  the  slope  and  intercept  of  the 
straight-line  plots.  The  experimental  points  are  shown  in 


Fig.  2(a)  for  the  five  crystals  studied  and  the  values  of  re(r 
and  NE  obtained  from  these  results  are  summarized  in 
Table  I.  Figure  2(b)  shows  theoretical  curves  of  the  pho¬ 
torefractive  gain  T  as  a  function  of  grating  spacing  calcu¬ 
lated  using  the  values  of  rcfr  and  NE  in  Table  I.  In  calcu¬ 
lating  Ne  from  K s  and  Eq.  (9)  a  value  of  e  =  55  was  used.8 
Using  a  value3  of  rang=/,33  =  64  pm/V,  estimates  of  Fa 
can  be  obtained  giving  some  idea  of  the  relative  contribu¬ 
tions  of  electrons  and  holes. 

The  direction  of  the  photorefractive  coupling  is  deter¬ 
mined  by  the  sign  of  the  dominant  photocarrier  and  the 
crystal  and  beam  geometry.  For  each  of  the  crystals 
studied  the  polarity  of  the  c  axis  was  determined  in  a  py¬ 
roelectric  cooling  experiment9  and  the  sign  of  the  photo- 
carrier  determined  from  the  results  is  listed  in  Table  I. 

C.  Results  of  transient  response  measurements 

Another  important  parameter  of  a  photorefractive 
crystal  is  the  time  required  to  build  up  the  refractive  in¬ 
dex  grating.  Reduced  KNbOj  has  been  shown  to  have  a 
microsecond  response  time  which  greatly  enhances  its 
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F!G.  2.  (a)  Grating  wave  vector  divided  by  beam  coupling 
gain  T  as  a  function  of  Kg  for  t lie  five  KNbO,  crystals  studied, 
and  (b)  theorelical  curves  of  beam  coupling  gain  E  as  a  function 
of  grating  period  using  material  parameters  determined  from 
least-squares  fils  to  the  data. 
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TABLE  !.  Material  parameters  obtained  from  two-beam  coupling  measurements  on  KNbO,  crys¬ 
tals. 


Crystal 

Sign  of 
dominant 
photo- 
carrier 

A0 

l/mi) 

N* 

( I016  cm”3) 

Air 

(pm/V) 

Fcr  =  rc„/ri , 

KNbO, 

+ 

1.05 

0.28 

10.0 

+  0.20 

(undoped) 

KNb(),:Ta 

+ 

0.94 

0.35 

16.7 

+  0.33 

KNbO,:  Kb 

+ 

1.22 

0.21 

27.6 

+0.55 

KNhO,:Fc 

- 

2.15 

0.07 

—  16.4 

-0.33 

KNW),.Na 

+ 

1.69 

0.11 

25.3 

+  0.15 

potential  for  real  time  applications.5 

Kukhtnrcv  and  co-workers113'”  developed  a  mathemati¬ 
cal  analysis  of  the  time  evolution  of  the  grating  forma¬ 
tion.  This  analysis  has  recently  been  extended  for  the 
case  of  dual  charge  carriers.12, 13  For  fringe  spacings 
large  compared  to  both  the  charge  diffusion  length  and 
the  Debye  screening  length,  the  dielectric  relaxation  time 

r, h  =  ef, ,/(</, ,t-(rpll)  (12) 

is  a  good  approximation  to  the  grating  buildup  time.1  In 
I:t|.  (12)  </,,  is  the  dark  conductivity  and  <rph  is  the  photo¬ 
conductivity  given  by 

trp|,  —  c*rt«l»/i  r/  /(/tv)  .  (13) 

e  is  the  electronic  charge,  «  is  the  absorption  coefficient, 
<l>  is  the  quantum  efficiency  for  exciting  a  charge  carrier, 
/i  is  the  mobility,  /  is  the  optical  intensity,  and  /tv  is  the 
photon  energy.  Inverting  Eq.  (12)  to  give  the  grating 
buildup  rate 

8  =  (  1  /r,,j  )  =  ((/,,  +CT  p|,  )/(€£())  (14) 

provides  a  linear  relationship  between  /  and  6.  Using  this 
approximation  for  the  grating  formation  rate  allows  crph 
to  be  determined  from  the  slope  of  the  fit  of  Eq.  (14)  to 
the  data. 


Intensity  (W/cm2) 


FIG.  3.  Photorefractive  grating  buildup  rate  as  a  function  of 
input  light  intensity  for  the  five  KNbO,  crystals  studied. 


The  grating  buildup  time  was  measured  for  all  five 
crystals  at  one  angle  as  a  function  of  incident  intensity. 
The  buildup  rate  is  plotted  against  light  intensity  in  Fig. 
3  for  each  crystal  and  the  results  are  observed  to  qualita¬ 
tively  follow  the  straight-line  model  predicted  by  Eq.  (14). 
The  values  of  the  product  <1 >fir  obtained  from  the  slopes 
are  listed  in  Table  II. 

A  useful  figure  of  merit  for  characterizing  the  pho¬ 
torefractive  sensitivity  of  a  given  material  is  how  much 
optical  energy  is  needed  to  produce  a  given  refractive  in¬ 
dex  change.  Expressed  in  mathematical  terms  the  sensi¬ 
tivity  is2 


where  n  is  the  refractive  index,  a  the  absorption 
coefficient,  and  H^0  the  incident  optical  energy.  For  a 
phase  grating  the  diffraction  efficiency  is  given  by14 

77  =  <? '  ” "rf/C05*'si n2( dirA/i  /A.COS0)  (16) 


and  the  induced  refractive  index  change  can  be  deter¬ 
mined  by  measuring  the  absolute  diffraction  efficiency. 
The  intensity  of  the  scattered  HeNe  beam  was  calibrated 
to  yield  the  absolute  diffraction  efficiency  for  all  five  crys¬ 
tals  and  combined  with  the  grating  buildup  times  to  give 
the  photorefractive  sensitivity.  The  results  obtained  are 
given  in  Table  II. 

The  results  from  the  cw  laser  experiments  show  that 
doping  KNbO,  with  Na  +  ,  Rb+,  or  Ta5+  at  the  1  mol.  % 
level  enhances  the  photorefractive  performances  of  the 
crystal.  The  maximum  beam  coupling  gain  and  pho¬ 
torefractive  sensitivity  increases  for  these  crystals  over  an 


TABLE  II.  Material  parameters  obtained  from  FWM  Iran- 
sient  signal  buildup  rates  measured  on  KNbO,  crystals. _ 

S„  <PftT 

Crystal  UO'c  m'/J)  (10”'°cm!/V) 


KNbO,  2.45  3.74 

(undoped) 

KNbO,:Ta  3.79  6.46 

KNbO,:Rb  7.y3  6.51 

KNbO,:Fe  0.41  0.53 

KNbO,:Na _ T22 _ 63)7 
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undoped  sample.  The  iron-doped  crysla!  user)  in  this 
study  was  observed  to  have  an  inferior  photoi  Tractive 
performance  when  compared  to  an  undoped  crystal. 
Also  the  predominant  charge  carrier  was  determined  to 
be  electrons  in  contrast  to  holes  observed  in  the  other 
crystals.  Medrano  el  al. 15  found  that  the  charge  carriers 
in  their  iron-doped  samples  were  holes  and  that  there  was 
an  increase  in  photorelVactive  gain  over  a  pure  crystal 
that  had  been  reduced  and  contained  electrons  as  photo- 
carriers.  It  is  expected  t hat  it  is  the  same  Fe"  '-Fe'  + 
donor-trap  system  that  produces  the  photorefractive 
effect  in  pure  and  iron-doped  samples.  Taken  together, 
t he  results  above  suggest  that  it  is  the  Fe2  +  -FeJf  ratio 
rather  than  absolute  amounts  that  is  important  in  pre¬ 
dicting  the  photorefractive  performance  of  a  particular 
crystal. 

III.  RESULTS  FOR  PICOSECOND 
PULSE  EXCITATION 

The  nonlinear  optical  response  of  KNbOj  was  investi¬ 
gated  using  picosecond  pulses  to  establish  laser-induced 
gratings.  These  gratings  were  probed  using  both  pi¬ 
cosecond  and  cw  probe  beams  and  the  measurements  ob¬ 
tained  provide  information  on  the  time  evolution  of  the 
gratings  from  a  time  scale  of  picoseconds  out  to  many 
minutes. 

A.  Experimental 

Single  pulses  with  durations  of  30  psec  full  width  at 
half  maximum  (FWIIM)  al  532  nm  were  produced  by  a 
frequency-doubled,  mode-locked  Nd.YAG  laser.  After 
being  split  into  two  pump  beams,  the  pulses  were  recom¬ 
bined  in  the  crystal  with  an  external  crossing  angle  of  20. 
This  angle  could  be  varied  from  16°  to  44°  corresponding 
to  grating  spacings  varying  from  1.91  to  0.71  jim.  Typi¬ 
cal  incident  energies  of  the  two  pump  beams  were  0.1! 
and  0.06  mJ  giving  an  intensity  modulation  index  of 

m  =HEiE,)'/2AEl  +  £2 1  =  0.95  .  (17! 

The  diameter  of  each  of  the  two  pump  beams  was  mea¬ 
sured  with  a  traveling  knife  edge  and  found  to  be  0.54 
mm  at  the  1/t?'  points  of  the  on-axis  peak  intensity.  The 
Gaussian  radius  of  each  beam  is  0.27  mm  and  the  in¬ 
cident  tluences  are  39  and '2 1  mJ/cm2  for  the  two  pulses. 
The  temporal  overlap  of  the  two  pump  pulses  was 
achieved  with  an  optical  delay  line  in  one  beam  path. 

A  degenerate  four-wave-mixing  experiment  was  used 
to  investigate  (lie  fast  grating  formation  and  decay.  The 
experimental  arrangement  is  shown  in  Fig.  4.  A  less  in¬ 
tense,  third  picosecond  pulse  that  was  exactly  counter- 
propagating  to  one  of  the  pump  beams  acts  as  a  probe 
beam.  Tilts  probe  pulse  was  s-polarized  to  be  orthogonal 
to  the  pump-pulse  polarization  and  was  focused  to  the 
same  diameter  in  the  crystal.  From  phase  matching  con¬ 
siderations  the  diffracted  signal  is  counterpropagaling  to 
the  other  pump  beam  and  was  extracted  with  a  beam 
splitter  The  arrival  of  the  probe  pulse  in  the  ciystal 
could  be  varied  by  an  optical  delay  line.  Delay  times 
ranging  from  several  hundred  picoseconds  before  to 
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FIG.  4.  Crystal  and  beam  arrangements  for  the  picosecond 
pulse-probe  experiments  on  photorefractive  gratings  in  KNbO|. 


several  nanoseconds  after  the  arrival  of  the  pump  pulses 
could  be  obtained.  The  diffracted  signal  was  detected  by 
the  photodiode,  recorded  on  a  signal  averager,  and  aver¬ 
aged  over  several  thousand  laser  pulses. 

In  order  to  follow  the  signal  to  longer  times,  the  probe 
pulse  was  replaced  by  a  1-mW  cw  He-Ne  laser  beam. 
The  intensity  of  this  laser  was  attenuated  by  three  orders 
of  magnitude  to  keep  its  influence  below  that  required  for 
grating  erasure.  The  incident  angle  of  the  probe  beam 
was  adjusted  to  satisfy  the  Bragg  scattering  condition. 

I).  Results  of  pulse-probe  measurements 

The  absolute  diffraction  efficiency  was  measured  for 
gratings  produced  in  KNbO,  as  a  function  of  probe-pulse 
delay  with  the  crystal  in  a  photorefractive  and  m  a  non- 
photorefractive  geometry.  The  results  are  shown  in  Fig. 
5  for  a  grating  spacing  that  is  1.9  /im.  In  the  pho- 
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1’iohc  pulse  tic  lay  (p\cc» 

FIG  5  Time  evolution  of  the  absolute  scallemig  efficiency 
from  a  laser-induced  grating  written  try  two  30-psee  pulses  mea¬ 
sured  by  ail  optically  delayed  weak  probe  pulse. 
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Inrefructive  geometry  the  crystal  is  oriented  with  t lie 
grating  wave  vector  K,,  aligned  parallel  to  the  c  axis  of 
the  crystal  so  the  write  beams  produce  an  internal  space- 
charge  Held  that  is  also  parallel  to  the  c  axis  and  the  s  po¬ 
larized  probe  pulse  senses  the  photorefraetive  effect 
through  the  r>,  electro-optic  tensor  component.  In  the 
other  geometry  the  crystal  is  rotated  90"  (K^lc)  and  any 
space-charge  Held  produced  will  be  in  the  direction  of  the 
crystallographic  b  axis.  Due  to  the  symmetry  elements  of 
the  electro-optic  tensor  any  index  change  produced  will 
not  be  detected  by  an  v-polarized  probe  pulse. 

Two  features  are  apparent  in  the  data  of  Fig.  5  and 
they  appear  to  be  similar  to  results  recently  reported  for 
llaTiO,.  I6‘ 17  First  a  sharp  peak  is  observed  centered  at  a 
probe  delay  of  f=0  psec.  The  real  time  width  of  this 
peak  is  close  to  the  expected  autocorrelation  width  of  our 
three  pulses.  The  origin  of  this  signal  is  the  fast  physical 
processes  contributing  to  the  third-order  susceptibility 
y1  "  associated  with  the  FWM  of  the  (wo  pump  beams, 
probe  beam,  and  signal  beam.  Possible  contributions  to 
the  susceptibility  include  noniinearities  associated  with 
bound  electrons,  free  carriers,  and  any  phonon  or  thermal 
elfecls  with  characteristic  relaxation  limes  comparable  or 
less  than  the  optical  pulse  width.  In  BaTiOj,  free  carriers 
generated  by  single-photon  absorption  were  thought  to  be 
the  dominant  contribution  to  the  nonlinear  susceptibili¬ 
ty.16'17 

The  second  feature  apparent  in  Fig.  5  is  a  long-lived 
signal  lasting  for  probe-pulse  delays  of  several 
nanoseconds.  It  is  more  pronounced  in  the  Kg||c  orienta¬ 
tion  than  m  the  K^ic  orientation.  This  suggests  that  it 
may  be  photorefraetive  in  origin.  For  this  interpretation 
to  be  correct,  impurity  donor  centers  would  have  to  be 
photoionized  to  produce  free  charge  carriers  that  migrate 
far  enough  to  establish  a  significant  space-charge  field 
during  the  time  of  the  pump  pulses.  However,  the  small 
free  carrier  mobilities  and  fast  trapping  times  that  are 
typical  of  the  ferroelectric  oxides  would  allow  the  free 
carriers  to  diffuse  only  a  small  fraction  of  a  grating  spac¬ 
ing  before  being  trapped.  Thus  there  is  some  question 
about  the  origin  of  this  component  of  the  signal. 

The  intensity  of  the  conjugate  peak  shows  little  change 
with  grating  spacing  which  is  not  the  case  for  the  signal 
at  long  probe-pulse  delays.  Figure  6  shows  the  intensity 
of  the  diffracted  signal  for  four'grating  spacings.  As  the 
spacing  decreases,  the  intensity  of  the  nanosecond  time 
component  decreases.  Such  a  decrease  in  a  photorefrac- 
tive  grating  is  expected  in  high-mobility,  long-trapping- 
time  materials  where  the  free  carriers  are  able  to  destroy 
the  grating  by  diffusing  over  a  full  grating  period  at  small 
spacings  before  being  trapped.  However,  in  ferroelectric 
oxides  the  low  mobilities  coupled  with  the  fast  trapping 
times  for  charge  carriers  make  this  process  unlikely.  For 
the  grating  periods  used  in  Fig.  6  the  charge  migration  is 
expected  to  be  diffusion  dominated  and  the  space-charge 
fields  will  be  limited  by  the  dilfusion  field 

Ed  =  Ink n  /'/(?  A? )  .  (18) 

Thus  the  photorefraetive  effect  will  cause  the  intensity  of 
the  scattered  signal  to  increase  as  the  grating  spacing  de- 


FIG.  6.  Picosecond  time  evolution  of  the  normalized  scatter¬ 
ing  intensity  Tor  four  grating  spacings  in  KNbO,. 


creases,  which  is  exactly  opposite  to  the  results  observed 
in  Fig.  6.  This  casts  further  doubt  on  attributing  this  sig¬ 
nal  contribution  to  a  photorefraetive  effect. 

In  the  results  from  the  nonphotorefractive  orientation 
shown  in  Fig.  5  there  is  a  nonzero  scattering  background 
for  long  probe  delays.  This  component  may  be  associated 
with  scattering  from  an  absorption  or  photochromic  grat¬ 
ing  generated  by  the  photoexcitation  and  subsequent 
trapping  of  charge  carriers.  The  diffraction  efficiency  for 
an  absorption  grating  is  given  by14 

t/a  =  (  1  —  e  ~a,,)sinlr[  Aad /( 2 cost? ) ]  .  09) 

The  change  in  absorption  coefficient  Aa  is  just 

Aa  =  Ars  ,  (20) 

where  ;V  is  the  density  of  displaced  charges  and  s  is  the 
absorption  cross  section  of  the  defect  centers.  The  cw 
photorefraetive  beam  coupling  experiments  showed  that 
the  concentration  of  donor  centers  in  the  crystal  used 
here  is  NE  =  3X  1015  cm  .  Since  the  input  photon  rate  is 
somewhat  greater  than  this,  we  can  approximate  N  =  Nh:. 
The  absorption  cross  section  of  the  donor  levels  is  not 
known  in  KNbOj,  but  some  idea  of  its  magnitude  can  be 
obtained  from  results  in  the  literature.  It  is  known  that 
the  most  common  defect  center  leading  to  photorefrac- 
tive  effects  in  as-grown  ferroelectrics  is  the  Fe2f-Fe3f 
system  where  the  deep-level  donor  is  Fe2  +  and  the  accep¬ 
tor  is  FeJ  +  .  The  deep-level  absorption  cross  section  has 
been  measured  for  this  defect  in  InP:Fe  and  found  to  be18 
s  —  1  X  10_  17  cm2.  Using  this  value  of  s  for  KNbOj  we 
obtain  Aa  =  0.03  cm-1.  Substituting  for  Aa  in  Eq.  (19) 
yields  a  diffraction  efficiency  of  i7a  =  10-5  which  is  in 
good  agreement  with  the  observed  scattering  efficiency  of 
about  i7  =  2X10~5  for  this  signal  component.  The  con¬ 
sistency  of  this  interpretation  of  the  Kglc  results  suggests 
that  the  Kg||c  results  might  be  associated  with  a 
directional-dependent  change  in  the  absorption 
coefficient. 

Figure  7(a)  shows  the  results  of  measuring  the  scatter- 
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FIG.  7.  Absolute  scattering  efficiency  as  a  function  of  the 
fluence  of  two  30-psec  writing  pulses  at  (a)  probe  delays  of  0  and 
350  psec  after  the  writing  pulses  and  (b)  at  a  time  of  1.0  msec 
alter  the  writing  pulses  as  measured  by  a  cw  probe  beam. 


ing  efficiency  as  a  function  of  incident  fluence.  At  a 
probe-pulse  delay  of  0  psec,  the  diffraction  efficiency  fol¬ 
lows  a  power-law  dependence  on  the  total  fluence  F  of 
F1  5,  slightly  greater  than  the  quadratic  dependence  ex¬ 
pected.  At  a  delay  time  of  350  psec,  a  single  power-law 
dependence  is  not  observed.  In  the  low-intensity  region 
with  fluences  below  10  mJ/cm2  a  least-squares  fit  to  the 
data  yields  a  dependenie  of  F1  9.  Above  10  mJ/cm2  a 
power-law  dependence  of  Fi  4  is  observed.  At  both  of 
these  delays  there  is  a  saturation  of  the  signal  around  an 
incident  fluence  of  100  mJ/cm2. 

A  definite  signature  of  the  photorefractive  effect  is  the 
observation  of  two-beam  coupling.  An  experiment  was 
performed  to  detect  two-beam  coupling  in  KNb03  using 
picosecond  pulses  and  the  results  are  shown  in  Fig.  8. 
The  crystal  was  oriented  in  the  photorefractive  geometry 
with  a  grating  spacing  of  1.9  /im  and  a  pump-beam- 
-  to- probe-beam  intensity  ratio  of  9:1.  The  experimental 
quantity  measured  and  plotted  in  Fig.  8  is  the  ratio  T/T„ 
as  a  function  of  the  incident  fluence,  where  T  is  the  inten¬ 
sity  of  the  transmitted  probe  beam  with  the  pump  beam 
on  and  T0  is  the  intensity  with  the  pump  beam  oflf.  Ener¬ 
gy  transfer  through  photorefractive  gain  will  increase  the 


Fig.  8.  Ratio  of  the  probe-pulse  intensity  with  the  pump 
beam  on  T  and  the  pump  beam  o!T  7’(„  as  a  function  of  incident 
fluence  in  a  picosecond-pulse  two-beam  coupling  experiment  on 
KNbOj.  The  closed  and  open  squares  represent  the  two  pho¬ 
torefractive  crystal  orientations  that  are  related  by  a  180”  rota¬ 
tion  about  a  line  bisecting  the  two  input  beams. 


intensity  of  the  probe  beam  in  the  presence  of  the  pump 
beam.  The  points  represented  by  closed  and  open  squares 
correspond  to  the  two  photorefractive  crystal  orienta¬ 
tions  that  are  related  by  a  180°  rotation  about  a  line 
bisecting  the  two  input  beams.  The  photorefractive  con¬ 
tribution  to  the  signal  will  reverse  direction  when  the 
crystal  is  rotated  and  be  seen  as  a  difference  between  the 
points  for  the  two  orientations  in  Fig.  8.  Such  a 
difference  is  not  observed  in  these  results  suggesting  that 
the  free  carriers  do  not  diffuse  the  required  half  grating 
spacing  on  picosecond  time  scales.  The  decay  in  the  ratio 
T/Tu  as  a  function  of  fluence  is  most  probably  associated 
with  two-photon  absorption. 

In  conjunction  with  these  two-beam  coupling  measure¬ 
ments,  the  probe-pulse  transmission  was  recorded  as  a 
function  of  the  arrival  time  of  the  pump  pulse.  The  re¬ 
sults  obtained  are  shown  in  Fig.  9  where  the  ratio  T /Tt) 
is  plotted  against  probe-pulse  delay  for  the  two  crystal 
orientations  KJIc  and  K^lc.  This  experiment  was  per¬ 
formed  at  the  same  crossing  angle  as  the  beam  coupling 
results  and  the  intensity  of  the  pump  beam  was  80 
mJ/cm2.  For  negative  probe-pulse  delays,  i  e.,  the  probe 
pulse  arrives  before  the  pump  pulse,  the  ratio  T/Ta  is 
close  to  unity  and  there  is  no  interaction  between  the 
beams.  As  the  pulses  start  to  overlap  in  time  the  probe  is 
attenuated  through  two-photon  absorption  which  peaks 
at  zero  delay.  For  both  crystal  orientations  the  probe 
pulse  continues  to  be  attenuated  at  long  delay  times  after 
the  pump  pulse.  The  extend  of  the  attenuation  is 
significantly  greater  in  the  Kg||c  orientation  than  in  the 
perpendicular  KBic  orientation.  At  these  long-time 
scales  there  is  no  temporal  overlap  of  the  pulses  and  the 
effects  are  not  grating  or  photorefractive  in  origin.  A 
reasonable  explanation  of  these  results  is  the  anisotropy 
of  the  absorption  coefficient  relative  to  the  crystal  c  axis. 
Thus  we  conclude  from  these  results  (hat  the  contribu- 
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FIG.  9.  The  quantity  7Yr0  as  a  function  of  the  arrival  time 
of  the  probe  pulse  for  two  orientations  of  a  KNbOi  crystal. 

lion  to  t lie  FWM  signal  on  the  time  scale  of  several  hun¬ 
dred  picoseconds  to  nanoseconds  after  picosecond  pulse 
excitation  is  due  to  a  laser-induced  absorption  grating. 

C\  Results  of  cw  probe  measurements 

The  picosecond  pulse  experiments  were  repealed  using 
a  cw  probe  beam.  In  this  case,  the  fast-time  resolution  of 
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FIG.  10.  Time  evolution  of  the  absolute  scattering  efficiency 
of  laser-induced  gratings  in  KNbO,  as  a  function  of  time  after 
the  arrival  of  the  Iwo  30-psec  writing  pulses  measured  by  a  cw 
probe  beam. 


the  pulse-probe  experiments  described  in  the  previous 
section  is  lost,  but  the  evolution  of  the  signal  can  be  fol¬ 
lowed  to  very  long  times.  The  transient  signals  obtained 
show  the  decay  of  the  fast  nonlinear  responses  and  the 
buildup  and  dark  decay  of  the  photorefractive  grating. 
The  crystal  a  axis  and  the  polarization  of  the  probe  beam 
were  aligned  in  the  plane  of  incidence  (p  polarization)  so 
the  effective  electro-optic  coefficient  is  given  in  Eq.  (6). 
The  signal  was  followed  in  time  after  a  single  30-psec 
pulse  of  excitation  front  the  crossed  write  beams. 

Figure  10  shows  the  time  evolution  of  the  scattering 
efficiency  for  different  excitation  fiuences.  The  intensities 
of  the  fast-  and  long-time  components  of  the  signal 
change  differently  with  fiuence  and  the  buildup  time  of 
the  long-time  signal  decreases  as  fiuence  is  increased. 
Figure  7(b)  shows  the  results  of  measuring  the  signal 
strength  at  I  msec  after  the  write  pulses  as  a  function  of 
write-beam  fiuence.  The  data  show  a  very  different  be¬ 
havior  than  the  signals  measured  at  faster  times  shown  in 
Fig.  7(a).  The  observed  behavior  does  not  fit  a  single 
power-law  dependence  but  is  close  to  linear  below  50 
mJ/cm 1  at  which  point  the  scattering  efficiency  is  ob¬ 
served  to  saturate. 

Figure  11  shows  the  dark  decay  of  photorefractive 


Time  (sec) 


FIG.  II.  Dark  decay  of  photorefractive  gratings  in  doped 
KNbO,  crystals  induced  by  two  single  30-psec  writing  pulses. 
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gratings  wrilten  by  single  laser  pulses  in  the  doped  and 
undoped  KNbOj  crystals.  The  signal  for  the  undoped 
crystal  has  at  least  two  decay  components  with  very 
different  relaxation  limes.  Nonexponential  erasure  de¬ 
cays  have  been  observed  in  Bi12SiO20  (Ref.  19)  and 
LiNbOj  (Ref.  20)  and  were  explained  by  the  participation 
of  several  trapping  centers  in  the  photorefractive  charge 
migration.  Steady-state  beam  coupling  results  presented 
earlier  show  that  both  electrons  and  holes  are  involved  in 
the  photorefractive  processes  in  the  crystals  used  here. 
The  decay  results  observed  demonstrate  that  the  trapping 
mechanism  involves  two  types  of  acceptors  that  have  two 
distinct  relaxation  times.  One  trap  may  be  associated 
with  the  creation  of  holes  in  the  valence  band  by  pho¬ 
toexcitation  of  electrons  to  midgap  impurity  levels,  while 
the  other  may  be  associated  with  photoexcitation  of  elec¬ 
trons  to  the  conduction  band.  It  is  well  known  that 
mobilities  of  electrons  and  holes  are  different  in  these 
types  of  materials  and  multiple  components  to  the  decay 
of  a  grating  involving  both  electrons  and  holes  should  be 
expected. 

The  doped  KNbOj  crystals  show  more  complicated 
dark  decays.  In  some  cases  the  intensity  of  the  scattered 
beam  is  observed  to  undergo  several  dips  where  one  com¬ 
ponent  of  the  grating  decays  while  another  component 
with  a  longer  relaxation  time  still  contributes  to  the  in¬ 
tensity.  Theoretical  modeling  of  these  features  will  re¬ 
quire  incorporation  of  multiple  trapping  levels  in  describ¬ 
ing  the  dynamics  of  charge  relocation. 

Figure  12  shows  the  dark  decay  of  the  photorefractive 
grating  in  undoped  KNbO,  for  five  different  grating  spac- 
ings.  The  decay  time  decreases  with  grating  spacing 
reflecting  the  shorter  time  charge  carries  require  to 
diffuse  a  half  grating  period.  The  nonexponentiai  nature 
of  the  decay  is  more  pronounced  for  the  smaller  grating 
spacings.  For  the  larger  spacings  the  decay  is  expected  to 
be  dominated  by  the  carrier  with  the  highest  mobility  and 
a  single  exponential  decay  would  result.  As  the  spacing 
decreases  both  carriers  and  their  respective  trapping 
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FIG.  12.  Dark  decay  of  phoiorefractive  gratings  in  KNbO, 
for  five  d  life  rent  grating  periods. 


centers  are  able  to  contribute  to  the  decay  and  nonex¬ 
ponential  transients  appear. 

IV.  DISCUSSION  AND  CONCLUSIONS 

Characterization  of  the  photorefractive  effect  using  cw 
excitation  has  been  reported  previously  tor  KNbOj  crys¬ 
tals  where  the  response  time  for  reduced  KNbOj  was 
measured  to  be  100  fi sec.5  Also,  doping  with  iron  has 
been  shown15  to  result  in  a  substantial  increase  in  the 
photorefractive  efficiency  over  that  of  undoped  samples. 
The  results  described  here  using  cw  excitation  give  a  fur¬ 
ther  understanding  of  the  photorefractive  effect  in  doped 
and  undoped  KNbOj  by  determining  various  material  pa¬ 
rameters  associated  with  laser-induced  charge  relocation. 
The  mobility-lifetime  products  given  in  Table  II  show 
that  doping  KNbOj  with  either  Ta,  Rb,  or  Na  decreases 
the  time  required  to  form  a  photorefractive  grating  by  a 
factor  of  2  over  an  undoped  crystal.  This  increase  in  the 
buildup  rates  carries  over  to  an  enhancement  in  the  pho¬ 
torefractive  sensitivity  for  these  crystals  with  the  Rb 
dopant  producing  the  highest.  In  the  Fe-doped  sample 
electrons  were  found  to  be  the  dominant  charge  carrier 
while  holes  were  the  dominant  carriers  in  all  other  sam¬ 
ples. 

It  is  only  recently  t hat  picosecond  pulses  have  been 
used  to  study  nonlinear  responses  of  materials  such  as 
Bil2SiO,0,21  BaTiOj, 16,17  GaAs,22  and  CdTe.23  In  the  pi¬ 
cosecond  work  reported  here  on  KNbOj,  three  different 
types  of  nonlinear  effects  were  identified  due  to  their 
different  time  responses.  Utilizing  both  pulsed  and  cw 
probe  beams,  picosecond  laser-induced  grating  tech¬ 
niques  were  used  to  follow  the  evolution  of  the  nonlinear 
response  from  the  picosecond  time  scale  out  to  times  of 
many  minutes.  On  the  time  scale  of  milliseconds  and 
longer,  the  photorefractive  response  which  was  observed 
with  cw  excitation  is  seen.  This  is  associated  with  the 
space-charge  field  built  up  by  photoinduced  charge  relo¬ 
cation  and  the  interaction  of  this  field  with  the  electro¬ 
optic  tensor  components  of  the  material.  The  dark  decay 
of  the  signal  is  highly  nonuuiform  indicating  that 
different  types  of  traps  are  taking  part  in  the  charge  re¬ 
laxation  back  to  an  equilibrium  configuration. 

On  the  time  scale  of  100  psec  out  to  nanoseconds,  the 
nonlinear  response  has  properties  that  are  belter  de¬ 
scribed  by  a  laser-induced  change  in  the  absorption 
coefficient  associated  with  two-photon  absorption.  The 
time  scale  and  magnitude  of  this  signal  are  consistent 
with  a  relocation  of  charge  carriers.  For  example,  since 
the  dominant  photoinduced  charge  carriers  are  holes,  the 
first  photon  might  create  a  hole  by  promoting  an  electron 
in  the  valence  band  into  a  midgap  acceptor.  The  second 
photon  might  promote  this  electron  into  the  conduction 
band.  The  electrons  and  holes  created  in  this  way  will 
migrate  to  different  types  of  traps  before  finally  recom¬ 
bining. 

The  variation  of  the  signal  in  this  time  regime  for 
different  crystal  orientations  is  associated  with  the  anisot¬ 
ropy  of  the  absorption  coefficient.  The  absorption 
coefficient  for  KNbO,  is  a  tensor  quantity  with  different 
values  for  different  propagation  and  polarization  dircc- 
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lions.  If  a,  b,  and  c  are  1  lie  crystallographic  axes,  then 
the  absorption  coefficient  can  be  represented  by  the  ten¬ 
sor 


0 

(tlh 

0 

II  , 

tl  , 

0 

(21) 


where  a,  is  the  absorption  coefficient  for  a  beam  propa¬ 
gating  in  the  /lh  direction  with  polarization  along  the  j 
axis,  if  the  crystal  is  oriented  with  Ks||c,  the  probe-pulse 
polarization  is  always  perpendicular  to  the  c  axis  and  the 
apparent  absorption  coefficient  is  given  by  the  linear 
combination 


a  =  a„hcosll  f-(ill(sin0  ,  (22! 

where  0  is  the  half-angle  between  the  intersecting  pump 
and  probe  beams.  In  t he  orthogonal  orientation  Kglc, 
the  appropriate  combination  for  the  absorption 
coefficient  is 

it  —  cost!  I  <ru,.sin(J  .  (23) 

For  the  data  in  Fig.  9,  0=8°  and  the  attenuation  of  the 
probe  in  the  K.B  Lc  orientation  is  due  mainly  to  the  first 
term  in  Eq.  (231.  The  first  term  in  Eq.  (22)  is  expected  to 
be  of  this  same  magnitude  and  the  extra  attenuation  of 
the  probe  in  (he  K^c  orientation  is  due  to  the  com¬ 
ponent  (i^sinf).  As  the  angle  0  increases  the  probe  beam 
in  both  the  two-beam  coupling  experiment  and  in  the 
FWM  experiment  will  undergo  an  increasing  absorption 
as  it  propagates  more  along  the  c  axis.  This  is  consistent 
with  the  results  shown  in  Fig.  5.  Based  on  this  analysis, 
the  longer-lived  signal  in  the  picosecond  pulse-probe 
FWM  experiments  is  the  scattered  beam  from  an  absorp¬ 
tion  grating.  The  photoexcited  charge  carriers  are 
trapped  on  a  lime  scale  comparable  with  the  optical  pulse 
width  but  their  redistribution  among  different  trapping 
levels  sets  up  /in  absorption  grating  that  is  anisotropic 
with  crystallographic  directions. 

The  physical  origin  of  the  fast  conjugate  peak  observed 
in  the  picosecond  FWM  experiments  is  difficult  to  deter¬ 
mine  unambiguously  because  its  time  response  cannot  be 
resolved  with  30-psec  pulses  used  here.  This  signal  is  as¬ 
sociated  with  the  third-orderisusceptibility  of  the  materi¬ 
al  and  can  have  contributions  from  electronic  and  vibra¬ 
tional  mechanisms  that  respond  on  a  picosecond  time 
scale.  The  extend  of  each  contribution  can  be  estimated 
from  the  nonlinear  refractive  index  for  the  effect.  If  the 
induced  change  in  the  refractive  index  is  An,  the  non¬ 
linear  refractive  index  n2  is  defined  as24 

An=»2<£2>.  (24) 

where  E  is  the  electric  field  of  the  optical  wave.  n2  is  re¬ 
lated  to  the  third-order  susceptibility  by24 

n2=(l2/r/nn)v‘"  .  (25) 

where  »„  is  the  background  refractive  index  which  equals 
2.35  for  KNbO,.  For  a  refractive  index  grating,  the 
theory  of  Kogelmk14  can  be  used  to  obtain  the  refractive 


index  change  induced  from  the  absolute  scattering  inten¬ 
sity  by 

An  =(kcosd/trd  W if  .  (26) 

The  maximum  diffraction  efficiency  recorded  in  these  ex¬ 
periments  at  A/  =0  was  77  =  5. 5X  10-3  obtained  at  an  in¬ 
tensity  of  1 00  mJ /cm2.  The  electric-field  intensity  of  the 
incident  wave  is  related  to  the  fiuence  Fby25 

<£2>=(87r/cn0)F=  1.19X  107  (27) 

for  the  above  fiuence,  in  cgs  units.  The  value  of  mea¬ 
sured  in  this  case  is  calculated  to  be  2.3  X  10” 13  esu. 

Two  of  the  electronic  contributions  to  the  conjugate 
peak  will  be  scattering  from  a  free-carrier  index  grating 
that  is  generated  by  single-photon  absorption  and  scatter¬ 
ing  from  the  induced  polarization  of  bound  charges  in  the 
material.  The  change  in  the  refractive  index  associated 
with  scattering  from  a  free-carrier  grating  is  given  in  the 
Drude  model  by26 

A/i  =2ffAce2/(/inv2ml. )  ,  (28) 

where  Nc  is  the  density  of  free  carriers  of  effective  mass 
mc.  t\c  (in  cm"’)  can  be  approximated  by  the  absorbed 
photon  flux 

Arc=(A.a//ic)/  =  5.4X1016  .  (29) 

Using  this  value  in  Eq.  (28)  predicts  the  free-carrier  grat¬ 
ing  index  change  and  third-order  susceptibility  contribu¬ 
tion  to  be  A/t  =3. OX  10~6  and  ^f(3l=  1.5X  10~14  esu. 
These  are  an  order  of  magnitude  smaller  than  the  mea¬ 
sured  values. 

The  value  of  n2  —  29X  10-13  esu  measured27  for  KTaO, 
can  be  used  as  an  approximation  for  the  bound-charge 
contribution  to  Ym  f°r  KNb03.  Using  Eq.  (25)  the 
third-order  nonlinear  susceptibility  from  this  effect  is  cal¬ 
culated  to  be  1 . 8 X  10_  13  esu,  which  is  the  same  order  of 
magnitude  as  the  measured  value. 

Recent  Raman-scattering  experiments  on  KNbO,  have 
shown  central  peaks  in  the  scattering  spectrum  that  are 
associated  with  relaxation  modes  involved  in  the  succes¬ 
sive  cubic-telragonal-orthorhombic-rhombohedral  phase 
transitions.28,29  While  there  is  some  question  about  an 
additional  contribution  to  the  signal  from  a  soft  phonon 
mode,  this  is  not  relevant  to  the  results  described 
here.'0,31  It  is  beyond  the  scope  of  our  experiments  to 
resolve  the  specific  contributions  due  to  the  relaxation 
modes  and  soft  modes.  However,  it  is  clear  that  the 
Nb5+  relaxation  modes  are  responsible  for  a  contribution 
to  the  dielectric  constant  of  the  material  and  thus  will 
contribute  to  the  nonlinear  refractive  index  measured  as  a 
conjugate  signal  peak  in  our  FWM  experiments. 

The  multiwell  potential  surface  involved  with  the  hop¬ 
ping  modes  is  the  eight-site  order-disorder  model  used  to 
describe  the  successive  phase  transitions  in  displacive  fer¬ 
roelectric  crystals.28  This  model  has  the  Nb5+  ions  locat¬ 
ed  in  one  of  eight  potential  wells  which  have  potential 
minima  displaced  from  the  cubic  unit  cell  center  along 
the  (ill)  directions.  The  different  structural  phases  of 
the  crystal  arc  a  consequence  of  the  preferential  occupa¬ 
tion  by  the  Nb' 1  ion  of  a  certain  set  of  potential  wells. 
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FIG.  13.  Absolule  scattering  efficiency  of  a  laser-induced 
grating  in  KNbOj  as  a  function  of  temperature  for  probe-pulse 
delays  of  0  and  150  psec  after  llie  30-psec  writing  pulses. 


For  example,  in  the  cubic  phase  each  of  the  eight  sites  is 
equally  occupied,  while  tetragonal  ordering  arises  below 
the  first  phase  transition  temperature  due  to  a  set  of  four 
wells  perpendicular  to  a  particular  axis  becoming  prefer¬ 
entially  occupied. 

The  influence  of  this  polar  hopping  mode  on  the  laser- 
induced  gratings  is  very  similar  to  the  analysis  of  stimu¬ 
lated  Raman  scattering.  However  in  this  case  the  low 
frequency  of  the  mode  means  the  effect  is  seen  in  a  degen- 
eraie  mixing  configuration.  The  contribution  to  ,\f131  can 
be  calculated  using  fluctuation-dissipation  theory  arriving 
at  the  result32 

VlJ,=  —  ( iV/8/i )[( i-«£  )/(ir  +  m2)]  .  (30) 

The  polarizability  change  for  this  mode  can  be  calculated 
from  the  Clausius-Mossotti  relation 

o  =  (3e0/:V )[(«'  —  I  )/Ur  +  2)]  .  (31) 

The  refractive  index  change  arising  from  a  Nb5+  ion  hop¬ 
ping  between  the  two  nonequivalent  potential  wells  is  in¬ 
ferred  from  the  linear  birefringence  for  KNbOj  crystals.33 


At  300  K  A n  is  approximately  0.18  and  it  decreases  to 
about  0.15  at  500  K.  Substituting  for  the  measured  Ra¬ 
man  peak  linewidth  and  the  calculated  value  of  Aa  the 
contribution  to  ,YIJI  is  9X  10“ 13  esu.  Stimulated  hopping 
between  two  of  the  equivalent  potential  wells  will  make  a 
similar  contribution  to  ,y‘3'- 

The  intensity  of  the  diffracted  signal  was  measured  as  a 
function  of  temperature  for  undoped  KNbOj  and  the  re¬ 
sults  are  shown  in  Fig.  13.  The  signal  was  measured  at 
two  delay  times  of  the  probe  pulse,  0  and  150  psec.  The 
results  at  zero  delay  show  the  signal  strength  to  decrease 
as  temperature  is  increased  while  the  signal  at  150  psec 
increases  very  slightly.  A  larger  temperature  range  could 
not  be  studied  because  of  the  phase  transitions  of  the 
crystal  at  250  K.  The  intensity  of  the  Raman-scattering 
peak  was  observed  to  increase  with  temperature.211  This 
peak  is  associated  with  relaxations  from  the  higher- 
energy  potential  well  to  the  lower  well  which  will  become 
more  probable  as  the  upper  well  is  thermally  activated. 
In  terms  of  the  zero-delay  signal  observed  in  our  laser- 
induced  grating  experiment  where  the  light  pattern  is 
driving  the  modes  in  the  bright  regions,  the  detected  sig¬ 
nal  intensity  depends  on  the  contrast  in  the  refractive  in¬ 
dex  between  the  bright  and  dark  regions  of  the  sample. 
As  the  temperature  is  increased  this  contrast  decreases  as 
the  Nb5 ' -phonon  modes  become  more  occupied  in  the 
dark  regions.  Also  the  linear  birefringence  between  the 
two  phases  decreases  as  the  temperature  increases.33  The 
decrease  in  A/i  is  about  17%  over  the  temperature  range 
between  300  and  500  K  while  the  signal  decrease  in  the 
same  range  is  close  to  28%. 

Thus  from  the  above  discussion  it  appears  that  the 
bound  electron  and  Nb-hopping  mode  both  contribute  to 
the  observed  FWM  signals  at  zero  time  delay  in  KNbOj. 
Further  experiments  using  different  samples  and  faster 
excitation  pulses  will  be  clone  to  separate  these  contribu¬ 
tions. 
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